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This thesis will discuss the utilization of ferromagnets for the generation of

spin currents via various spin Hall like effects. The global magnetic order in

a ferromagnetic material breaks the requisite symmetries to allow for the gen-

eration of spin currents with arbitrary polarizations which could prove useful

for magnetic information storage technology. We first discuss some of the the-

oretical background of the various microscopic origins which can lead to spin

Hall currents in ferromagnets as well as the theory behind some of the the ex-

perimental techniques used in this thesis. We then describe the measurement

of a non-reorientable component of the spin Hall effect generated by a ferro-

magnetic Ni-Fe alloy using the spin torque ferromagnetic resonance technique,

as well as modifications that we needed to make to the analysis of these mea-

surements to account for coupling between magnetic layers driven by dynamic

spin pumping. We conclude with a discussion of the materials problems which

must be solved to utilize the spin anomalous Hall effect to switch out-of-plane

polarized ferromagnetic layers as well as our attempts to realize such material

systems.
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CHAPTER 1

INTRODUCTION

As semiconductor technology advances, both industries and researchers

have begun seeking new types of technologies to ensure that computing per-

formance continues to grow into the future. One of the most promising fields to

help this performance growth to continue is spintronics, which seeks to utilize

the spin of the electron to aid in computations. While there are various ways

to utilize electron spin, the one that we will focus on in this thesis pertains to

the ability of several electrons, having their spins aligned to form a “spin cur-

rent”, to manipulate the magnetization state of a ferromagnet encoding one bit

of information. For much of the history of electronic information storage, in-

formation was recorded using the magnetization direction of a magnet with,

for example, the magnetic North pole pointing “upward” encoding a 1 and the

magnetic North pole pointing “downward” encoding a 0. There are two prob-

lems which must be solved for such a physical system to function as information

storage: we must be able to read the magnetization state of the magnet, whether

it is pointing “up” or “down”; and we must be able to change the magnetiza-

tion state from one to the other. Each magnetic state must also be stable against

thermal fluctuations which would switch the state from one to the other against

our wishes, thus causing an error. Luckily, the problems of reading magnetic

state and making it stable have good solutions, so the work appearing in this

thesis is mostly dedicated to solving the other problem of efficiently switching

the magnetic state.

The problem of reading the magnetic state was solved by the discovery of

the giant magnetoresistance phenomenon [6], for which the 2007 Nobel prize in
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Physics was awarded to A. Fert and P. Grünberg. The giant magnetoresistance

phenomenon describes how the resistance of a system where there are two fer-

romagnetic layers with some spacer layer depends on the relative orientation of

the two magnetic layers, with the resistance being small when the magnetiza-

tions are parallel and high when they are antiparallel. This is useful for record-

ing information using magnetic layers since we can have one “fixed” magnetic

layer which always points in another direction and one “free” layer whose ori-

entation we switch from parallel to antiparallel to the fixed layer. These two

orientations will have different resistances which we can easily measure with

on-chip circuitry.

The main research goal in this area is maximizing the difference in resis-

tance between the two states so they can be easily discerned by the detection

circuitry. Through extensive materials research, systems composed of CoFeB

/ MgO / CoFeB arranged in magnetic tunnel junctions, so-called because the

MgO layer is insulating so electrons must tunnel through this structure were

found by Parkin et al. [51] to have a 220% resistance difference between the

parallel and antiparallel states—a difference large enough to be useful in real

devices.

The problem of thermal stability has similarly mostly been solved by using

the CoFeB / MgO system where certain interactions at the interface largely pin

the magnetic CoFeB layer to point perpendicular to the film plane. This per-

pendicular magnetization state has allowed for smaller magnetic bits which are

still stable to thermal fluctuations, allowing for a greater density of bits. This

out-of-plane magnetic orientation will cause some trouble as described below.

Writing these out-of-plane magnetic bits efficiently is where work still re-
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mains to be done. In the hard disk drives which have been in consumer com-

puters for decades, writing is done with a small solenoid on a movable arm

which is mechanically positioned over the bit to be written. A small field is then

created by passing current in the solenoid to flip the bit. While this works it

is quite slow and prone to mechanical failure, so researchers have sought al-

ternatives. Alternatives include flash memory and other similar technology

which store information in the electric field, much like a capacitor. These can

be switched quickly and without the need of mechanical movement by passing

currents through them. However, these have problems with write endurance

since the dielectrics eventually begin to break down. If we could switch a mag-

netic layer merely by passing a current, we could then have both the stability of

current magnetic recording media and the speed of electronic recording media.

One way to do this is by using the spin transfer torque, where a current is

passed through one magnetic layer, polarizing the current, meaning that there

are more electrons with spin pointing in the direction of the magnetization than

the other direction. This spin current thus creates a force (called a torque) on

the free magnetic layer, causing it to switch. This is useful, since we can use

the same fixed magnetic layer that we use as a reference in the magnetic tunnel

junctions described previously. However, this process could be more efficient,

since at present for every one electron we put in for current flow, we can get at

most one spin flip worth of torque on the magnetic layer. An alternative is to

use the spin Hall effect which occurs in heavy metals. the spin Hall effect oc-

curs when an electric current in one direction results in a spin polarized current

arising in an orthogonal direction. We then harness this spin current to flip the

free layer of our tunnel junctions. This has the possibility of being more efficient

since every electron that we put in to passing current can become polarized, in-
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teract with the free layer and scatter back into the spin Hall material, becoming

re-polarized and interacting with the free layer again, effectively getting several

spin flips worth of torque on the magnet for each electron of current passing

in the wire. The polarization of the spin current generated in most materials is

best suited for switching magnetic layers where the magnetization is pointing

in-plane, but for the best thermal stability we need layers with magnetization

pointing out-of-plane. It is our task as spintronics researchers to find materials

which can efficiently generate spin currents through the spin Hall effect thus

generating an out-of-plane polarized spin current.

We will talk more about the requirements we have for our materials to gener-

ate an out-of-plane polarized spin current in Section 2.2, but here it will suffice

to say that ferromagnets satisfy some of these requirements. Instead of using

the ferromagnet to polarize a current flowing through it as is done in the spin

transfer torque scheme, ferromagnets can also host an analogue of the spin Hall

effect where a spin current is generated perpendicular to the applied charge cur-

rent, but with the polarization of the spin current pointing in the direction of the

ferromagnet’s magnetization. This allows us to control the polarization of our

generated spin current which could allow us to efficiently switch a magnetic

free layer in a magnetic tunnel junction. There is still much work to be done to

understand this interaction well.

This thesis will be organized as follows: we will describe the various inter-

actions which can lead to transverse spin currents in Chapter 2; we will show

the mathematical analysis underpinning our measurement techniques in Chap-

ter 3; we will describe experimental measurements we have done to measure

one such transverse spin current in Chapter 4; and finally in Chapter 5 we will

4



discuss some of the materials we have used to try to generate the most tech-

nologically relevant transverse spin currents and recommend future research

directions.
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CHAPTER 2

THEORETICAL BACKGROUND

In this chapter we will give some background which will serve as a foun-

dation which we expand upon for the rest of this thesis. In the first section,

we will discuss some basics about ferromagnetic thin films, how we can think

about some of their most essential properties, and how we can write down the

magnetic energy of such systems. The second section will be devoted to going

through some of the theoretical research which has been done concerning the

ability of ferromagnets to generate spin currents as well as briefly summarizing

some of the experiments which have attempted to measure these spin currents.

2.1 Magnetic Films

A ferromagnetic material is one in which the spins present in the system gener-

ally align, so that the fields created by each individual spin add constructively

which can create a magnetic field. We call the net sum of all of the spins in the

system the magnetization of the ferromagnet, usually expressed as a volume

density of spins. To be stable against any external fluctuations, such as ther-

mal fluctuations or ones from external fields, there must be some way for the

spins in the system communicate with one another and conspire to point in the

same direction. We can think of each spin in the system naı̈vely as a small bar

magnet with a north and south pole. We might think at first that the most natu-

ral way for these “little magnets” to order themselves would be with the north

poles alternating between up and down since this is the preferred orientation of

two bar magnets sitting next to one another. The name given to the interaction

which would produce this order is the dipole-dipole interaction, so-called since
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the field created by the spin is the same as that of a “magnetic dipole” (a north

and south pole in close proximity, like a bar magnet) interacting with another

dipole. While this interaction does exist and can sometimes be relevant, it turns

out that this is not the strongest interaction between the spins in most cases.

Instead this conspiring of the spins to point in the same direction is due to the

exchange interaction, which is a quantum mechanical effect.

The exchange interaction is due to the fact that all of the particles making up

matter are fermions which need to obey the Pauli exclusion principle, that two

identical fermions cannot occupy the same state. For a cartoon picture, imag-

ine two electrons on adjacent atoms in a crystal. If they had opposite spins,

their wavefunctions could overlap in space. Since they have the same charge,

this would come with an energy cost since they would be “closer” to one an-

other. However if they had the same spin, the Pauli exclusion principle would

mean that their wavefunctions would not have any spatial overlap to satisfy the

exclusion principle, and hence the electrons would be “further apart” thus min-

imizing the electrical energy of the whole system. Therefore, the system would

be in a lower energy state if the two electrons were in the same spin state. Of

course, this is a very simple toy picture of how the many electrons inside of

solids conspire to have their spins pointing in the same direction, but it does

give some intuition for how the parallel spin state arises.

This exchange interaction does have some finite energy scale, however, so

if the material becomes too hot then the energy of the thermal fluctuations can

overcome the ordering imposed by the exchange interaction. The temperature

at which this happens is called the Curie temperature, and above this temper-

ature the ferromagnetic ordering of the spins dissolves into randomness, and
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there is no net magnetization in our material. Luckily for us this temperature is

usually quite high, above 1000K in the metallic ferromagnets we will be inves-

tigating.

Below the Curie temperature, the exchange interaction is dominant over

other types of interactions between the spins, which means that the number of

spins pointing in the same direction is essentially constant. This means that, to a

good approximation, we can assume that the magnetization of our ferromagnet,

the number of spins pointing together per unit volume, is a constant. For this

reason, it is customary to think of the magnitude and direction of this vector

independently, writing the magnetization as M = Msm, with M being the true

magnetization vector, Ms the volume “saturation magnetization” with units of

A/m in SI, and m the magnetization direction, a unit vector. Also assumed

in this statement is the assumption that the magnet has not broken into small

“domains”, regions where locally the magnetization is pointing in the same di-

rection but between these small regions the magnetization may be pointing in

different directions. This assumption is called the macrospin assumption since

we are thinking of one big spin, as opposed to a microspin picture where our

system is made up of many smaller pieces. The macrospin assumption is usu-

ally a good one if the total system is fairly small, on the order of hundreds of

nanometers, or if there is a large effective field making all of the domains point

in the same direction. In this thesis we will assume that the macrospin assump-

tion holds, and thus that the saturation magnetization is constant, allowing us

to talk about the magnetization vector as just a unit vector.

Under this macrospin assumption, we can find the direction that the mag-

netization will want to point by writing the magnetic free energy of the system

8



and finding which magnetization orientation minimizes it. We can break the

free energy up into several distinct terms which combine additively to give us

the full free energy. The first, most universal one comes from the interaction of

the magnetization with any externally applied fields and simply takes the form

−Msm · Bext. This simply describes the tendency of any magnetic moment to

align with the magnetic field, with the strength scaling both with the magnitude

of the applied field and the overall magnetization of the magnet.

We also need to take into account the demagnetization energy, often called

shape anisotropy, which depends only on the specific 3D shape of the magnetic

volume we are considering. In general, this is parameterized by the demagne-

tization tensor
←→
N and enters into the energy as 1

2
µ0M

2
sm ·

←→
N ·m, with µ0 the

vacuum permeability. The demagnetization tensor will depend on the particu-

lar geometry and can only be calculated exactly for the case of ellipsoidal vol-

umes, but intuitively it causes minima in energy when the magnetization lies

along “long” axes of the magnetic volume and incurs an energy penalty when it

is along “short” directions. For a simple picture, imagine a long line of several

bar magnets where all of the north poles must point in the same direction. If the

north poles are all pointing perpendicular to the line, then all of the north poles

will be adjacent to one another, leading to a high-energy configuration. If the

north poles all point along the line, then each north pole will be adjacent to the

south pole of its nearest-neighbor, an energetically favorable position. For the

case of an infinitely large plane with normal vector along ẑ, the demagnetiza-

tion tensor only has one nonzero component Nzz = 1 and the demagnetization

energy takes the form 1
2
µ0M

2
sm

2
z

*.

*However, if you pattern devices where some of the lateral dimensions start approaching the
film thickness, or have a very large aspect ratio, the in-plane components of the demagnetization
tensor can start to make a difference. However, we can model these pretty well by an in-plane
uniaxial anisotropy pointing along the long direction.
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The last common addition to the free energy are various forms of anisotropy.

Uniaxial anisotropy, which takes the form −Ku(m · u)2, tends to have the mag-

netization lie along or perpendicular to some direction defined by u depend-

ing on the sign of Ku. Second order uniaxial anisotropy is also sometimes in-

cluded, a higher-order term to “regular” uniaxial anisotropy,which takes the

form −Ku2(m · u)4 and which acts in a similar way. There are also various

forms of crystal anisotropy, which tends to make the magnetization point in

some direction with respect to the crystal structure. This could simply give rise

to a uniaxial anisotropy, but if we are in a cubic system where the tendency to

point along any of the three principal axes is the same, the expression for the

anisotropy becomes quite lengthy [73] so we will not write it here.

Taking the three main ingredients discussed above, we are now prepared to

write out the free energy. The one thing to note is that almost all ferromagnetic

thin films in a heterostructure with a heavy metal actually have a significant

uniaxial anisotropy perpendicular to the film plane which is driven by interfa-

cial interactions with the heavy metal. However, since (m · ẑ)2 = m2
z, we will see

that this can be folded into the demagnetization factor for the thin film. With

this, we can write out a fairly general form of the magnetic free energy as

F = −Msm ·Bext +
1

2
µ0M

2
sm

2
z −Ku(m · ẑ)2 (2.1)

F

Ms

= −m ·Bext +
1

2
µ0

(
Ms −

2Ku

µ0Ms

)
︸ ︷︷ ︸

Meff

m2
z. (2.2)

We can fold the effect of the uniaxial anisotropy and demagnetization together

into the “effective magnetization” Meff which appears frequently when dis-

cussing magnetization parameters and is sometimes confused with Ms. For

10



many ferromagnetic films, the uniaxial anisotropy is quite weak compared to

the saturation magnetization and hence Ms ≈ Meff . However, in some films

the uniaxial anisotropy energy is comparable to or stronger than the saturation

magnetization meaning that the effective magnetization can be nearly zero or

even negative. When the effective magnetization is negative, in the absence

of any other fields the energy is minimized if the magnetization points out-

of-plane, and we say these films exhibit perpendicular magnetic anisotropy

(PMA)*. This tendency for thin ferromagnetic films to only point in-plane or

out-of-plane only will be a bit of a hindrance for reasons we will discuss in the

next section, and we will discuss some ways to get around this in Chapter 5.

2.2 Spin Currents Generated by Ferromagnets

The main goal of the work of this thesis is to measure spin currents generated by

ferromagnetic films. Much of the focus of research on spin current generation

has been directed towards nonmagnetic materials with large spin-orbit coupling

[63]. In the simpler metallic systems, the generated spin currents are restricted

by symmetry to have the charge current direction j, the spin current flow direc-

tion Q, and spin current polarization direction σ̂ all be orthogonal [25, 79, 62].

To get past this restriction and allow the spin polarization and flow direction to

have some components which are collinear, it is necessary (but not sufficient)

to have the system break some symmetry beyond the fact that there is an inter-

face. One promising direction investigated so far is using a system where the

crystal structure has broken in-plane mirror symmetry which is what allows for

*This is often desired for magnetic storage technologies because it allows for greater density
of magnetic bits and is also usually more thermally stable than in-plane bits
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the spin current polarization and flow direction to have parallel components

[37, 38, 66]. However, it is difficult to find materials with the required crystal

structures and they must be incredibly pure so that defects in the crystal struc-

ture don’t inhibit the effect. Because of this, other sources of symmetry breaking

can be enticing, and in principle a ferromagnetic material breaks all symmetries

due to its global magnetic order, creating ample opportunity for generating spin

currents with arbitrary polarizations [15].

The simple picture of spin currents in ferromagnets is that the magnetization

sets a global polarization direction for all spins inside of the ferromagnet, so any

flow of electrons or spins will have their spins polarized in the same direction.

It was assumed in the past that any spin current generated inside of a ferromag-

net must have its polarization collinear with the magnetization, as any other

components would process about the ferromagnet’s internal magnetic field and

eventually dephase. Of course this simple picture is not accurate, particularly

in the presence of spin-orbit coupling. In the rest of this chapter, we will discuss

the theoretical underpinning of the different types of spin currents generated

by ferromagnets. We will split them into two general categories: those gener-

ated by intrinsic effects, i.e. relating to the band structure, and those driven by

extrinsic effects, i.e. relating to impurity and interface effects.

2.2.1 Intrinsic Effects

The intrinsic effects leading to a net flow of spin current in the bulk of a fer-

romagnet were studied by Amin et al. [1]. The motivation the authors had

for focusing on the intrinsic effects was because the anomalous Hall effect in
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transition metal ferromagnets, such as Fe, Co, and Ni, is known to mostly arise

from intrinsic band-structure effects. The findings in [1] can be summarized by

saying that the spin current flowing in the ẑ direction, Qz with the vector part

of Q being the polarization direction, due to an electric field in the x direction,

generated by the intrinsic effects in the bulk of a ferromagnet can be written as*

Qz = [σSHEŷ + σSAHE(m̂ · ŷ)m̂]Ex. (2.3)

We can see that there are two components, one “non-reorientable” component

which does not depend on the magnetization and which takes the form of the

standard spin Hall effect, whose associated conductivity is σSHE, and another

“reorientable” component due to what we call the spin anomalous Hall effect

(SAHE) whose polarization is always parallel to the magnetization. As we men-

tioned above, intuition would seem to suggest that a spin current with polar-

ization which is not collinear with the magnetization cannot exist inside of a

ferromagnet, but it turns out that such a flow of spin can exist due to a careful

combination of eigenstates with equal crystal momenta but different spin direc-

tions, as shown in a toy model in [1]. This combination of eigenstates has zero

spin density, but still transports angular momentum via a spin current. We can

think of the fact that this spin current does not dephase as arising from the fact

that it is comprised of states which have equal momentum but different spin po-

larizations, so although the polarizations of each component may precess about

the internal field the equal momenta mean that the relative phase between the

two spin states always remains the same [15].

We can see for ourselves the effects mentioned by Amin et al. [1] by con-

*We can write this in a more general form, Qαj = σSHEεαijEi + σSAHEmαεjkimkEi where
Latin indices are spatial, α is the spin index, and ε is the Levi-Civita tensor.
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sidering their toy model. The model involves 2D tight-binding model with a

square lattice, two p-type orbitals on each site, nearest and next-nearest neigh-

bor hopping terms, magnetism, and a simplified form of spin-orbit coupling.

The low-order Hamiltonian corresponding to this model can be written as

H =

 tk2
x t′kxky

t′kxky tk2
y

⊗ Is + ∆Ip ⊗ sx + λLz ⊗ sz (2.4)

where t and t′ are the nearest and next-nearest neighbor hopping parameters,

kx and ky are the momenta in the x and y directions, Is and Ip are the identity

operators in spin and momentum space respectively, ∆ is the exchange energy

from magnetism, si is the ith Pauli matrix, Lz ∝ sy is the z orbital momentum

operator, and λ is our spin-orbit coupling strength parameter. The top part of

Figure 2.1 shows the orbitals and included hopping parameters. We can build

some intuition as to how this model operates by starting with only a few terms

and gradually adding on more terms in the Hamiltonian until we have built up

the entire model.

First, we can take the case were we only have nearest-neighbor hopping and

magnetism, meaning t′ = λ = 0. In this case, the Hamiltonian is quite simple

HNN,mag =



tk2
x ∆ 0 0

∆ tk2
x 0 0

0 0 tk2
y ∆

0 0 ∆ tk2
y


(2.5)
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Figure 2.1: (top) Diagram of p-orbitals and hopping terms included in the toy
model, showing the nearest-neighbor hopping, parametrized by t, and the next-
nearest-neighbor hopping, parametrized by t′. (bottom) Energy bands from the
toy tight-binding model as a function of ky with various parameters. (a) Only in-
cluding nearest-neighbor hopping and magnetism at kx = 0.5. (b) Also adding
next-nearest neighbor hopping, which opens inter-orbital crossings. (c) Includ-
ing spin-orbit coupling only, which opens inter-spin crossings and modifies the
spin expectation of the bands.

and we can diagonalize it easily. This system has eigenvalues

E±x = tk2
x ±∆

E±y = tk2
y ±∆

(2.6)

which describe a set of parabolic bands for both the up and down spin states,

separated by the exchange energy ∆, in the kx and ky directions. The band struc-
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ture for this simple case is shown in Figure 2.1 (a). Adding in the other terms

in our Hamiltonian will tend to break the degenerate points where these bands

intersect, which we can broadly break into two cases. One case we will call inter-

orbital crossings, where the bands have the same spin but different orbitals, i.e.

where E±x = E±y , and which occur where kx = ±ky. These correspond to the

intersections of same-colored bands in Figure 2.1 (a). The other case we will call

inter-spin crossings, where both the orbitals and spin directions are different, i.e.

where E±x = E∓y , and which occur where k2
y − k2

x = ±2∆/t. These correspond

to the intersections of different-colored bands in Figure 2.1 (a). Differentiating

between these types of crossings will be important when determining where the

contributions from our spin currents are coming from.

We now investigate what happens when we add more terms to our Hamilto-

nian. Unfortunately, diagonalizing the Hamiltonian with these extra terms be-

comes quite tedious so we do it numerically Introducing the next-nearest neigh-

bor hopping term, t′ 6= 0, breaks the degeneracy of the inter-orbital crossings as

now the system can minimize its energy by transitioning between the different

orbitals. We can see the effects of this in Figure 2.1 (b) where the inter-orbital

crossings have opened a gap. We notice, however, that the spin expectations of

the two bands remains the same and hence cannot be the primary driver of the

spin current. Introducing the spin-orbit coupling, λ 6= 0, breaks the degeneracy

of the inter-spin crossings, allowing mixing between the different spin states of

the system. We can see the effects of this in Figure 2.1 (c) where the inter-spin

crossings have opened a gap, and near the gap the spin expectation changes

drastically. We can now see generally that adding in additional terms serves to

break degeneracies in the band structure and modify the spin expectation, both

of which will be critical for creating the spin Hall currents in this system.
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We now need to calculate the spin Hall conductivity of our system. To do

so, we will make use of an analog of the Berry curvature called the spin Berry

curvature, which is a number which we can define on our band structure and

integrate to find the spin Hall conductivity. The Berry curvature often comes up

when calculating the transverse response to an applied electric field, and was

instrumental in understanding the origin of the anomalous Hall effect in ferro-

magnets [43]. To find the spin response of the system, we can slightly modify

the expression for the Berry curvature, as done in [54], to be

Ωα
ij,n(k) = − Im

[∑
m 6=n

〈n|vαi |m〉 〈m|vj|n〉 − 〈n|vj|m〉 〈m|vαi |n〉
(En − Em)2

]
(2.7)

where i, j are spatial indices, α is a spin index, vi(k) = ∂H(k)/∂ki is the velocity

operator and vαi = 1
2
{sα, vi} is a generalized spin velocity operator. We can see

that taking α = 0, i = y and j = x this reduces to the normal Berry curvature.

With this, we can calculate the spin Hall conductivity (at zero temperature) to

be

σαij = −e
2

~

∫
dk

(2π)d

∑
n occupied

Ωα
ij,n(k), (2.8)

where d is the dimension of the Brillouin zone, in the same way that the Berry

curvature can be used to calculate the Hall conductivity. So, to find the spin

Hall conductivity for a particular spin polarization α in our model we just need

to choose the Fermi level, set i = y and j = x, calculate the spin Berry curvature

and integrate it over the occupied bands. We show the z-polarized spin Berry

curvature in Figure 2.2 (c) and (d) for two different choices for the Fermi level,

and the corresponding band structures in (a) and (b). From this, we can see that

the dominant contributions come from the avoided crossings, where the energy

difference term in the denominator of Eq. 2.7 is smallest.
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Figure 2.2: (top) Band structure for the full tight-binding model at kx = 0.55, 0.7
for (b), (c), with color representing the x-spin expectation value. The green and
orange dashed lines correspond to the Fermi levels used to define band occupa-
tion below. (bottom) The z-polarized, transverse spin-Berry curvature summed
over occupied bands, using Fermi energies of 0.2 for (c) and 0.4 for (d). The
dashed lines correspond to the kx slices used in (a), (b). We have scaled it loga-
rithmically so that the major features are more visible. All of the above figures
used t = 1, t′ = 0.05, ∆ = 0.1 and λ = 0.03.
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Now, we don’t actually care about calculating the spin Hall conductivity for

this toy model, we mainly want to get some insight as to what to look for in a

ferromagnet to host this type of effect. We found that σzyx, the spin Hall conduc-

tivity polarized in the z direction generated by a magnet with magnetization

along x, is finite in this simple model, and now we can look for some insight

into the important ingredients for this to happen. Perhaps the most important is

spin-orbit coupling which allowed for mixing between the different spin states

in the system. This is reinforced when looking at the spin Berry curvature near

the Fermi level in Figure 2.2 (c) and (d), where we note that the contributions

from the inter-orbital crossings opened by the spin orbit coupling (those along

the diagonal kx = ±ky essentially cancel, but those from the inter-spin crossings

(off the diagonals) have more difference in the positive and negative contribu-

tions. This fact was also noted in the more detailed density functional theory-

based calculations by Amin et al., where they found that the largest contribution

to the spin Hall effect like conductivity in ferromagnets such as Fe, Ni and Co

come from regions where bands with different spin character intersect [1]. They

also note that near these points, the spin expectation goes to zero. So, it seems

that having enough spin orbit coupling to open such gaps in the band structure

is one criterion we can look to in a magnetic material, although by its presence

in the relatively light transition metal ferromagnets, evidently not too much is

needed. Furthermore, we need the Fermi level to be near these crossings so that

they participate in conduction. As shown in [1, 15], the intuitive way to think

about this is that applying an electric field perturbs the wavefunctions of the

carriers, coupling states with similar momenta k but at different energies. If

this happens near a point where the spin expectation changes drastically, this

mechanism can form states which have spin expectation misaligned with the
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magnetization and does not dephase. From this analysis, we can see that spin-

orbit coupling and crossings between bands with different spin character play

the most important role in generating spin currents misaligned with the mag-

netization.

The other component which we have not focused on much so far is the com-

ponent of the spin current which is collinear with the ferromagnet’s net mag-

netization, the SAHE, which is important since this component is potentially

useful for future technologies. In our toy model where the magnetization and

applied electric field are collinear we do not expect to see this effect show up

since, like the anomalous Hall effect, the generated spin current is proportional

to E × m. We could see it, however, if we changed the magnetization direc-

tion by changing which Pauli matrices appeared in the exchange part of our

Hamiltonian, but here we will just summarize the findings in [1] and [15] as the

process is quite similar to the one we have already shown above. The largest

contribution to the spin conductivity polarized along the magnetization is near

crossings between bands with the same spin character, which were the other

types of crossing identified above. These are also the types of crossings which

contribute most to the intrinsic part of the anomalous Hall effect in these tran-

sition metal ferromagnets. Indeed, if we take the calculations of Fe done in [1],

shown in Figure 2.3, we can see that the largest contributions to this spin Hall

conductivity (denoted σ‖ in the figure) and to the anomalous Hall conductiv-

ity (σAHE) we can see that both follow almost exactly the same profile and are

largest in regions where the energy bands have the same spin character. This

tells us that to find materials with large SAHE we should look for crossings

of bands with similar spin character, but also that we can look for materials in

which the anomalous Hall effect is large, which can make searching for mate-
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Figure 2.3: Figure taken from [1]. Band structure of Fe (top) near the Fermi level
and contribution to various Hall conductivities (bottom). Color represents spin
expectation, with red being spin majority and blue spin minority carriers. On
the left, we can see that the largest contribution to σ⊥, the spin Hall conductivity
of spin currents polarized perpendicular to the magnetization, is largest near
crossings where the spin density changes quickly. On the right, we can see that
the largest contribution to σAHE, the anomalous Hall conductivity, and σ‖, the
spin hall conductivity of spin currents polarized parallel to the magnetization,
are largest near crossings where the spin character remains constant.

rials much easier since anomalous Hall conductivities have been measured for

decades.

The spin anomalous Hall effect and spin Hall effect in ferromagnets have

been seen a few times by researchers over the last decade, although in most of

these experiments the effect from the SAHE or SHE could not directly be at-

tributed to an intrinsic or extrinsic origin. The first I am aware of was done by

Miao et al. [39] which involved using the spin Seebeck effect, a means of gener-

ating a spin current via a thermal gradient, in YIG and detecting the inverse spin

Hall voltage generated in an adjacent Py layer. This report, however, could not
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distinguish between the “standard” spin Hall effect and the spin anomalous

Hall effect as either effect could have yielded the same response. Since then,

there have been several measurements which can differentiate between the two

using a variety of different measurement techniques such as damping modula-

tion [27], spin-pumping and inverse spin Hall [74], harmonic Hall techniques

[19], and nonlocal effects [11, 13]. Most of these studies have only measured

spin currents which are polarized in-plane, however there is one which used a

nonlocal technique which showed that it is indeed possible to generate out-of-

plane polarized spins [14], although this required applying a large out-of-plane

magnetic field to force the magnetization of the ferromagnetic layer generating

the spin current to tilt out-of-plane. Overall, there is still more work to be done

to take careful measurements of spin currents generated by ferromagnetic lay-

ers generally, which we will discuss in Chapter 4, as well as finding simpler

ways of generating a spin current with a polarization component out-of-plane,

which we will discuss in Chapter 5.

2.2.2 Extrinsic Effects

Here we will use extrinsic effects to mean any effects not coming from the bulk

band structure of the material we are considering. We will focus on effects aris-

ing from scattering at impurity sites as well as scattering and other phenomena

which arise at interfaces between different materials. This is a useful category

to have since there is more freedom to investigate different combinations of ma-

terials as opposed to hoping we get lucky that the band structure of a partic-

ular material is conducive to the effects we are trying to see. Furthermore, at

least for the anomalous Hall effect, it is known that the extrinsic effects actually

22



dominate in the high conductivity limit, with intrinsic effects playing a larger

role in the moderate conductivity regime [43]. This also allows us to add in

heavy elements with more significant spin-orbit coupling which, as we saw in

the previous section, can enhance spin current generation. With these potential

benefits in mind, let us now turn to seeing what kinds of spin currents can arise

from these effects.

Impurity Scattering

One of the more common sources of extrinsic effects comes from impurities or

dopants in a host material. These are usually single atoms dispersed at a fairly

low density inside of a host material which, due to the difference in proper-

ties of the host material, acts as a scattering site for conduction electrons. If

these scattering sites have a significant amount of spin-orbit coupling, then the

scattering rate can depend on the spin state of the electrons, meaning that the

scattering can generate a net flow of spin in a certain direction. The scattering on

impurity sites takes one of two forms, one is a skew scattering where the new

momentum of the conduction electron is at an angle with respect to its initial

momentum, much like one billiard ball ricocheting off of another one will tend

to go off at an angle. The other is side-jump scattering where the momentum

after scattering is parallel to the original momentum, but due to a shift in the

phase of the electron wavefunction the electron shifts in a direction perpendic-

ular to its momentum, thus still imparting some transverse movement. These

two types of scattering differ a bit in how the overall wavefunction is modified

post-scattering, and have different dependencies on sample resistance [12], but

for our purposes both serve to create some transverse movement of electrons
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which, due to spin orbit coupling, is spin dependent.

The method by which these two types of scattering can generate a spin cur-

rent in a ferromagnet was investigated by Pauyac et al. in [52]. The specific

effects they considered arose from a scattering phenomenon known as spin-

swapping, first investigated in [34], in which the impurity scattering discussed

above happens in such a way as to interchange the polarization and flow di-

rection of a given spin polarized current. It is somewhat remarkable that the

general impurity scattering can naturally conspire to interact in such a way that

the polarization and flow directions are exactly swapped, but as the authors de-

scribe this happens because the rotation of the spin polarization is correlated

with the amount of deflection due to the spin-orbit coupling. We can make

sense of this on an intuitive level by considering the effective spin-orbit field

as a magnetic field, and remembering that the deflection of a charged particle

is proportional to the strength of the field, as is the precession frequency of a

magnetic moment in a magnetic field. The authors in [34] conceived of this ef-

fect as happening in a non-magnetic system, merely noting that wherever you

have an extrinsic mechanism leading to the spin Hall effect, this spin swap-

ping effect will also exist, as long as there is a spin polarized current flowing in

that material from some source. The authors in [52] then noted that inside of a

ferromagnet any current is spin polarized necessarily. If we then consider a fer-

romagnetic metal, with appropriate dopants to provide scattering sites, with its

magnetization in the ẑ direction and flowing current in the x̂ direction, then the

spin swapping effect will give rise to a spin current flowing in the ẑ direction

and polarized in the x̂ direction, thus creating a spin current flowing transverse

to the applied charge current. In addition to this, Pauyac et al. noted that the

net magnetization in the ferromagnet will also make the spin current generated
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by the swapping effect precess, thus also leading to a component of the spin

current polarization in the x̂ direction. Now, as we had discussed previously

the net spin current is composed of states of similar energy but potentially dif-

ferent Bloch wavevectors, so dephasing due to differing precession does impose

restrictions on these spin currents. This ends up meaning that only the region

about one spin diffusion length from the interface of the ferromagnet will par-

ticipate in generating a spin current accumulation and transmission through

the interface, which in most systems is a few nanometers at most [7]. However,

these scattering-based effects still remain a possible source of the spin currents

generated in a ferromagnet and should be kept in mind when interpreting any

experimental results.

Interface Scattering

A quote attributed to Wolfgang Pauli accurately describes how many physicists

feel about interface phenomena: “God made the bulk; surfaces were invented by the

devil.” There are a seemingly endless array of possibilities of what can happen

at interfaces between different materials, all of which are exceedingly difficult

to separate out from bulk effects. Together with this, though, is a rich array of

possibilities opened up by interface engineering which, for our purposes, will

serve to open more possibilities for modifying the polarization of our generated

spin currents. Some of the possibilities here that are most interesting from the

perspective of generating useful torques were worked out by Amin and Stiles

[2]. They investigated how spin-orbit coupling at the interface, as well as the

reduced symmetry due to a presence of a ferromagnet being one of the materials

forming the interface, can modify existing spin currents traversing this interface
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and thus create spin currents with more general polarizations. There are two

main effects considered in this work: the spin-orbit filtering effect, which can

happen at any interface with spin-orbit coupling, and the spin-orbit precession

effect, which also requires the reduced symmetry of a ferromagnet comprising

part of the interface. We will discuss these effects further below.

The spin-orbit filtering effect is conceptually fairly straightforward. At the

interface, there is an effective magnetic field due to spin-orbit coupling. Any

electrons impinging on this interface will have different transmission and scat-

tering probabilities based upon the relative orientation of the electron spin and

the effective spin-orbit field direction. Some particular spin polarization will

have the highest spin transmission possibility, so even if a current of electrons

with no net spin polarization hits the interface, the transmitted current will have

a net spin polarization. This effect can happen at any interface, meaning that in

principle it can happen at nonmagnetic interfaces, as long as there is significant

spin-orbit coupling. In [2], the authors showed that this effect can occur even

in a simple free electron gas model with Rashba spin-orbit coupling. The re-

sulting spin current is polarized in the ẑ×E direction, where ẑ is normal to the

interface. In particular, although this effect can happen at interfaces contain-

ing a magnetic material we cannot control the polarization of the resultant spin

current with the magnetization.

The spin-orbit precession effect is a bit more subtle. Again considering the ef-

fective field at the interface due to the spin-orbit coupling, we can expect that the

moment of any electron passing through this effective field will precess about

the effective field while traversing the interface, leading to a different spin po-

larization after passing the interface. In a simple model, we can see that if the
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impinging electrons have no net spin polarization then any two electrons with

opposite spin polarization will rotate by the “same amount” after going through

the interface, so the net zero spin polarization will be maintained after travers-

ing the interface. For this reason for this effect to be meaningful we must have

a spin-polarized current to begin with. If one of the materials forming the inter-

face is ferromagnetic, then by necessity any current impinging on the interface

will have some polarization along the magnetization direction m. Given this,

we can also see this effect arise from a free-electron gas model with Rashba spin-

orbit coupling, with the resultant spin polarization pointing in the m× (ẑ× E)

direction. Notably, if the magnetization is in-plane and we assume the electric

field is applied in the x direction, the resultant polarization of the resultant spin

current will point in the z direction, which is the polarization desired for some

technological applications and which is difficult to achieve with conventional

nonmagnetic heavy metals.

These interface effects, in particular the spin-orbit precession effect, have

been attributed as the source of experimental phenomena seen in some recent

reports. The spin-orbit precession effect is the most commonly referenced by

researchers because the polarization of this current and its relationship to the

magnetization is unlike other effects, so it can be more easily distinguished from

other effects. The first such report was from [26], where an out-of-plane magnet

created a spin torque in a direction perpendicular to what we expect from some-

thing with a “regular” spin Hall effect symmetry, and which was detected from

a damping change in an adjacent in-plane magnet. Since then, similar exper-

iments using a few different experimental detection methodologies have seen

similar effects [10, 24, 75], with an out-of-plane magnetic layer creates an in-

plane polarized spin current. The condition which is perhaps more interesting

27



for potential applications, where an in-plane magnetized layer generates an out-

of-plane polarized spin current, has only been experimentally reported once to

my knowledge [5]. This effect was investigated by a few different experimental

techniques, and was also used to switch an adjacent out-of-plane magnetized

layer, albeit with a fairly large current density. The authors in this work also

seemed to confirm that this was indeed an interface-driven phenomena since

they had initially seen that the effects in CoFeB and Py had opposite sign, and

after e.g. coating a thick Py layer with a 1 nm layer of CoFeB, the sign of the

resulting effect was the same as that seen for the thick CoFeB. Looking forward,

there is plenty of room to see how this effect can be engineered through selecting

different interface material, and seeing if the effect size of an in-plane magnet

generating an out-of-plane spin polarization can be increased.

2.2.3 Agnostic Effects

We would be remiss not to mention one other study which does not make the

distinction between intrinsic and extrinsic effects. The work done by Taniguchi

et al. [68] assumed some form of spin-orbit coupling, remaining agnostic as

to its source, and used a drift-diffusion framework to investigate spin currents

generated by the spin versions of the anomalous Hall effect and planar Hall

effect. The anomalous Hall part of this work we have effectively discussed else-

where, but these authors pointed out that the planar Hall effect, which also gives

rise to the anisotropic magnetoresistance and consists of an applied charge cur-

rent creating a current/voltage in response in the direction of the magnetiza-

tion, will also be spin polarized in a manner analogous as that for the spin Hall

effect. This phenomenon affords us another mechanism by which to create a
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spin current with a controllable polarization, and could interfere with any mea-

surements of spin currents generated by the SAHE. The expression for the spin

current generated via this mechanism is

Qij = σSPHEmimj(m · E) (2.9)

where Qij is the spin current tensor with flow and polarization indices i and j

respectively and σSPHE is the conductivity associated with the spin version of

the planar Hall effect. This effect has been shown experimentally by Safran-

ski et al. [56, 57] using a damping modulation method, and also showed that

this can generate out-of-plane polarized spins by tilting the polarization of the

ferromagnet out-of-plane using a magnetic field. Although this effect has not

been as heavily investigated, it is still deserving of research as it provides an-

other pathway to generate the technologically relevant out-of-plane polarized

spin currents.
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CHAPTER 3

EXPERIMENTAL DESIGN

In this chapter, we will go over the theoretical basis for the measurement

techniques which are foundational to the experiments performed in the remain-

der of this thesis. We will focus mostly on the phenomenon of ferromagnetic

resonance as it and related extensions of it are some of the most useful measure-

ment techniques we have for measuring spin orbit torques.

3.1 Ferromagnetic Resonance

The phenomenon of ferromagnetic resonance is well-understood and provides

a way of precisely measuring both properties of the magnetic material as well

as torques which affect the magnetic layer. In this phenomenon, the magnetic

order of the ferromagnet is perturbed by some AC excitation while we apply

a constant external magnetic field. The constant external field serves to set the

equilibrium orientation of the magnetization and will be the axis about which

the magnetization will resonate. The AC excitations serve to actually drive the

oscillations of the magnetizations and the details of these excitations are the

main determining factor for the specific details of the oscillation amplitude and

shape, which we will talk about in great detail below. The sensitivity of the de-

tails of the oscillation on the excitations, as well as the several ways for us to

detect these oscillations, make ferromagnetic resonance and its variants one of

the primary tools we have to measure spin currents and their effects on ferro-

magnetic films.

To get quantitative about ferromagnetic resonance, we will need to consider
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the Landau–Lifshitz–Gilbert–Slonczewski (LLGS) equation describing the dy-

namics of a ferromagnet. The LLGS equation, remaining fairly general for now,

can be written as [64]

ṁ = τDC + τAC + αm× ṁ (3.1)

where m is the magnetization unit vector, τDC and τAC are the DC and AC

torques, or excitations, on the magnet, and α is a parameter describing the

damping of the system. The specifics of the AC torques will be different in

the different measurement types, but the DC torques usually follow a specific

form which can be derived from the magnetic free energy of the system. If we

know the free energy function F (m), then the DC torques will take the form

τDC = −γm×Beff = −γm×
(
− 1

Ms

∂F

∂m

)
(3.2)

where γ is the gyromagnetic ratio in the material and Ms is the saturation mag-

netization of the ferromagnet. Given this form, we can already make a few

conclusions about the general dynamics of any ferromagnetic material. In the

absence of any AC torques, the DC torque will tend to make the magnetization

process around Beff with the precession speed (and hence frequency) propor-

tional to the strength of the effective field. The damping term will tend to push

the magnetization towards the effective field, and in the absence of any driv-

ing torques opposing this will eventually make the magnetization and effective

field align making τDC = 0, eventually completely damping out the oscillations.

Therefore, to have a sustained oscillation we need to constantly put energy into

the system to counteract this damping. To go further in our quantitative de-

scription, we need to explicitly write the free energy F (m) and AC torques τAC.

31



Figure 3.1: Definition of axes used in this paper. The capital letters denote the
“lab” frame, with X̂ being the direction of current and Ẑ being normal to the
film. The lower case letters denote the magnetization coordinate system, with x̂
always pointing along the equilibrium direction of the magnetization, making
an angle φ defined counterclockwise with respect to the X̂ axis. We also show
a cartoon of the magnetization (solid gray arrow) precessing about it’s equilib-
rium direction (dotted gray line), with the dampinglike (τDL) and fieldlike (τFL)
torque directions shown in orange and blue, respectively.

For the free energy, we will use the expression written in Eq. 2.2 since it

works for most systems. Using Eq. 3.2, we can then write the DC torque as

τDC = −γm×
(
− 1

Ms

∂F

∂m

)
= −γm×Bext + γµ0Meffmz(m× ẑ). (3.3)

Unfortunately, the AC torques can take many different forms so they are better

studied in the context of the specific type of ferromagnetic resonance measure-

ment we are doing at the time, so we will not describe them at the moment.
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We will now begin to make some approximations which will help us in cal-

culating the form of the resonance amplitudes. First, we will assume that this

is an in-plane magnetized sample, with Meff > 0 and any in-plane anisotropy is

small enough that the equilibrium orientation of the magnetization is approxi-

mately the same as the applied field direction. We will also assume that the os-

cillations are small, meaning we will only keep terms linear in the magnetization

oscillation amplitude. Given this, we will define the coordinate system shown

in Figure 3.1 with the x̂ axis pointing along the magnetization equilibrium ori-

entation and, because of our assumptions, the externally applied field direction.

We can write the magnetization as m = 1x̂ + myŷ + mzẑ, with my,mz � 1, and

external field Bext = Bx̂, which means the DC torques take the form

τDC = γB


0

−mz

my

+ γµ0Meff


0

−mz

0

 ≡


0

−ωzmz

ωymy

 . (3.4)

We have defined the natural frequencies ωy = γB and ωz = γ(B + µ0Meff)

which will be useful quantities later in the analysis. Also note that if we

have a more complicated expression for the energy in our system, this would

show up at this stage of the computation as a modification to the natural fre-

quencies so they also lend a bit of generality to our analysis. We can simi-

larly simplify the damping portion of the LLGS equation by using the ansatz

m(t) = m exp(−iωt) with ω the driving frequency, meaning the AC torques take

the form τAC(t) = τAC exp(−iωt), and allowing m to be complex to accommo-
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date any phase difference. This allows us to write

m× ṁ =


0

−ṁz

ṁy

 = −iω


0

−mz

my

 . (3.5)

The last part is the AC torques, which we would like to leave as general as

possible. The only thing we will say about them is that since we don’t expect

any dynamics to happen in the x̂ direction, we can effectively write them as

τAC = τyŷ+ τzẑ. With these simplifications, we can start to make more progress

solving the LLGS equation.

We can now take a moment to make some observations about all the terms

which we have written so far. First, our smallness approximation means that

there will be no dynamics happening along the magnetization in the x̂ direction,

so this basically reduces to a 2D problem instead of a 3D problem. Second, since

everything is linear in m, we can write this in matrix form. This has of course

been done before, which has given rise to defining the susceptibility matrix←→χ

by

m =←→χ τ (3.6)

where τ are the external torques causing the dynamics of the system, in our case

we call them τAC. Using the ansatz and relations defined above, we can write
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the LLGS equation to identify the susceptibility matrix

−iω

my

mz

 =

−ωzmz

ωymy

− iωα
−mz

my

+

τy
τz

 (3.7)

 −iω iωα− ωz

−iωα + ωy −iω


my

mz

 =

τy
τz


my

mz

 =

 −iω iωα− ωz

−iωα + ωy −iω


−1

︸ ︷︷ ︸
←→χ

τy
τz

 . (3.8)

This matrix is not too difficult to invert. Doing so, we find that the susceptibility

matrix is

←→χ (ω) =
1

−ω2 + (ωz − iωα)(ωy − iωα)

 −iω −iωα + ωz

iωα− ωy −iω


≈ 1

(ωyωz − ω2)− iωα(ωy + ωz)

 −iω −iωα + ωz

iωα− ωy −iω


←→χ (ω) =

(ω2
0 − ω2) + iωω+α

(ω2
0 − ω2)2 + (ωω+α)2

 −iω −iωα + ωz

iωα− ωy −iω

 (3.9)

where in the second line we have made the approximation that the damping is

small, α � 1, and hence have ignored terms quadratic in the damping, and in

the third line we have defined the resonance frequency ω2
0 = ωyωz and another

natural frequency ω+ = ωy +ωz. Taking a look at the form of 3.9, we can see that

the prefactor takes the form of a Lorentzian centered at ω2
0 and with linewidth

ωω+α. We can also see that one part will be the “normal” symmetric Lorentzian
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(the imaginary part of the prefactor) and the other (the real part of the prefactor)

is an “antisymmetric” Lorentzian due to the term (ω2
0 − ω2). These facts will be

important later as it will allow us to measure the qualities of the resonances and

separate contributions from various effects. This concludes the core of the cal-

culations for our particular scenario, since with the susceptibility matrix, we can

take any AC excitation torques and immediately compute the resulting complex

magnetization amplitudes.

However, there is still some more work to be done. First, our current expres-

sion is written in frequency coordinates, but it is usually experimentally easier

to sweep the external field strength than the frequency, and hence we would like

an expression which is explicitly written in terms of the external field strength.

The main source of the field dependence comes from the change in the resonant

frequency ω0 with field, so we can expand this to first order in terms of field to

change variables. Remembering that ω2
0 = ωxωy, this expansion is

ω2
0(B) = ω2

0(B0) + (B −B0)
dω2

0

dB

∣∣∣∣
B=B0

= ω2 + (B −B0)

(
ωx

dωy
dB

∣∣∣∣
B=B0

+ ωy
dωx
dB

∣∣∣∣
B=B0

)

= ω2 + (B −B0)γω+(B0)

ω2
0(B)− ω2 = γω+(B0)(B −B0) (3.10)

where we have used our assumptions on the forms of ωx and ωy from 3.4. The

relation ω2 = ω2
0(B0) comes from a matter of definition: in an experiment where

we sweep the field, we have a constant driving frequency, ω, and effectively

change the resonant frequency ω0 while changing the field strength. Since we

define B0 to be the field at resonance in field space, then ω0(B0) must be the
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frequency at which this resonance occurs, which must be the driving frequency

ω. Now, ωx and ωy, and hence the ω+, which all appear in the susceptibility 3.9

also have a field dependence which should be accounted for. However, most of

the time the majority of the dynamics are happening quite close to the resonant

field and hence taking ωx, ωy and ω+ evaluated at B0 is a good approximation.*

We can now write the susceptibility in field coordinates, which will allow

us to more directly reconcile these calculations with experiments. Taking the

expansion from 3.10 and putting it into the susceptibility 3.9, we find

←→χ (B) =
γω+(B −B0) + iωω+α

(γω+)2(B −B0)2 + (ωω+α)2

 −iω −iωα + ωz

iωα− ωy −iω


=

1

γω+

(B −B0) + iωα/γ

(B −B0)2 + (ωα/γ)2

γ

α

 −iωα/γ −iωα2/γ + ωz

ω
αω/γ

iωα2/γ − ωy

ω
ωα/γ −iωα/γ


←→χ (B) =

1

αω+

(B −B0)∆ + i∆2

(B −B0)2 + ∆2

 −i −iα + ωz

ω

iα− ωy

ω
−i

 (3.11)

where we have defined ∆ ≡ ωα/γ, which is the linewidth of the resulting

Lorentzian lineshape. This form of the susceptibility is quite convenient for

application to most measurements.

*This can be a very bad approximation if we have more complex forms of anisotropy. Fur-
thermore, the field derivative of the resonance frequency can also be strongly dependent on
field in the general case. See Appendix B for a detailed discussion.
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3.1.1 Simple FMR

The simplest type of ferromagnetic resonance measurements we commonly do

is to excite the magnet with an oscillating external field from a cavity or adja-

cent waveguide and measure the amplitude of the resulting ferromagnetic res-

onance by the power absorbed by the magnet. We are generally not concerned

with the particulars of the resonance, and instead focus on how the resonant

field and linewidth change when we change the frequency. Measurements con-

sist of doing a sweep of the field, where the field points are densely spaced so

the resonance lineshape can be easily resolved and fit to extract the resonance

position B0 and linewidth ∆, at a small set of frequencies ω.

We can use this to find two quantities: the effective magnetization and the

damping constant. Recalling our expression for ω0, we have

ω0 =
√
ωyωz = γ

√
B0(B0 + µ0Meff) (3.12)

B0 =
1

2

√(µ0Meff)2 + 4

(
ω0

γ

)2

− µ0Meff

 (3.13)

which is the simplest form of the Kittel relation for a thin film [20], where we

have inverted the first expression to find B0 in terms of ω0, as this is experimen-

tally the way it is usually done. We can use this expression to fit the resonant

field as a function of frequency to determine the effective magnetization*. To

find the damping constant α, we simply need to remember that we defined the

linewidth to be ∆ = ωα/γ, so simply fitting a line to the linewidth as a function

*We usually treat the gyromagnetic ratio γ as a fixed constant and use the value of a free
electron, but of course since this is happening in a crystal this is not accurate and γ can take
on different values. Usually, this deviation is very small and we can ignore it, but there are
instances where treating this as a fit parameter can yield useful information, as is done in [60]
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of frequency will suffice to determine the damping constant α. We do need to

note, however, that due to imperfections in the crystal there can be a frequency-

independent broadening of the linewidth, which we can model as a constant

addition to the linewidth ∆ = ωα/γ + ∆0.

3.1.2 Spin-Torque FMR

In Spin-Torque Ferromagnetic Resonance (STFMR), the ferromagnetic reso-

nance of a magnetic layer is excited by current induced AC spin torques in an

adjacent spin source layer, as well as Oersted torques generated by that layer.

The oscillations are detected as a DC voltage arising from a mixing between the

applied AC current and the resistance oscillations which result from the mag-

netization oscillations coupling to the resistance through various magnetoresis-

tance effects. The black path in Figure 3.2 describes the causal chain leading to

the voltage we measure in STFMR, which we will describe in more detail. There

are a few key ingredients needed to understand the signals from STFMR which

we go over below.

The first ingredient is finding the oscillations of the magnetization. Since

we already have the susceptibility 3.11, we only need to find the form of the

torques which are causing the excitation. For now, we will focus on how the

effective strength of the torques change when we change the angle between the

magnetization and applied current. As discussed above in the previous chapter,

the direction of current combined with the symmetries of the material will be

the main determining factor in the polarization of the spin current σ̂. Given

σ̂, we can find the dependence of the strength and direction of the torque on
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τ

σ̂
X̂ Ŷ Ẑ

DL ŷ sinφ ŷ cosφ ẑ

FL ẑ sinφ ẑ cosφ ŷ

Table 3.1: The dependence on torque strength on the angle φ between the mag-
netization and current for dampinglike and fieldlike spins with polarization σ̂.

the relative orientation between the magnetization m and the current direction,

which we will always assume is the X̂ direction and will use the coordinate

system shown in Figure 3.1. For example for a dampinglike torque generated

by spins from the spin Hall effect, with σ̂ = Ŷ , the torque is given by τSHE ∝

m × Ŷ ×m. If the magnetization is at an angle φ with respect to the current,

then we can work out the cross products which show us that τSHE ∝ ŷ cosφ.

For fieldlike torques with σ̂ = Ŷ , such as the usual Oersted torques, the torque

takes the form τØ ∝ Ŷ × m = ẑ cosφ. We can work out the magnetization

angle dependence for any spin polarization σ, as we do in Table 3.1. This angle

dependence will play a key role in disentangling the signal contributions from

the various torques.

The second ingredient is an understanding of the mixing of resistance and

current which gives a DC voltage we can read out. During an experiment we

apply an oscillating current of the form I(t) = Ie−iωt, with I purely real, and as

we will discuss below the magnetization oscillations result in resistance oscilla-

tions at the same frequency (albeit possibly phase shifted) R(t) = R0 + δRe−iωt

where δR = δR′ + iδR′′ can be complex. The voltage across the device is simply

given by the product V (t) = Re [I(t)] Re [R(t)]. We can expand this product to
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see that

V (t) = IR0 cosωt+ IδR′ cos2 ωt+
IδR′′

2
sin 2ωt

V (t) =
IδR′

2
+ IR0 cosωt+

IδR′

2
cos 2ωt+

IδR′′

2
sin 2ωt (3.14)

from which we can clearly see that we end up with a DC component to the re-

sulting voltage across the device given by I Re [δR] /2. This same decomposition

also comes up in other measurement techniques such as the second harmonic

Hall measurement technique where the excitation frequency is generally in the

kHz instead of GHz allowing for the measurement of the second harmonic (2ω)

signal [22], but that is not our focus for the moment. This voltage decomposition

is the key idea which makes STFMR a relatively easy technique experimentally,

since we only need to measure a DC voltage to get information about the RF

oscillations of the magnetization.

The final ingredient in analyzing STFMR is the magnetoresistance which

gives rise to the resistance oscillations discussed above. There are several mag-

netoresistances which can come into play depending on the type of system un-

der study and the measurement geometry. For typical systems containing one

ferromagnetic layer and one nonmagnetic layer, we are concerned primarily

with anisotropic magnetoresistance (AMR), the anomalous Hall effect (AHE),

the planar Hall effect (PHE), and spin-Hall magnetoresistance (SMR) [44]. These

are distinguished by their dependence on the magnetization m and the direction

of induced voltage, being either parallel or transverse to the applied current.

These magnetoresistances are summarized in Table 3.2. As we saw above, our

signal is only dependent upon the resistance oscillations, and we can link those

to the magnetization oscillations by Taylor expanding about the magnetization
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AMR SMR AHE PHE

V direction ‖ ‖ ⊥ ⊥ ⊥
m dependence m2

X 1−m2
Y mXmY mZ mXmY

δR relation −my sin 2φ my sin 2φ my cos 2φ mz my cos 2φ

Table 3.2: Defining characteristics of the common magnetoresistances in fer-
romagnets. The first row shows the induced voltage in a coordinate system
where X is along the current direction, ‖-voltages are measured along X and
⊥-voltages are measured along Y . The second row shows the dependence on
the magnetization m. The third row shows how the resistance oscillations relate
to the magnetization oscillations in the magnetization coordinate system.

equilibrium m0,

R(m) = R(m0) +
∂R

∂m
· δm. (3.15)

This means that the STFMR signal is actually dependent upon the derivative of

the magnetoresistance. To see how this works, we will take AMR as an example,

and write the magnetization in polar coordinates with φ the azimuthal angle

from the X̂ axis and θ the polar angle from the Ẑ axis. The AMR takes the form

R(m) = R0 +RAMR cos2 φ sin2 θ and has the expansion

R = R(m0) +RAMR

(
−δφ sin 2φ sin2 θ + δθ cos2 φ sin 2θ

)
(3.16)

with φ and θ evaluated at the equilibrium magnetization angle and δφ and δθ the

oscillations in their respective directions. We first note that from considering the

coordinate system in Figure 3.1 we can see that the in-plane oscillations my are

exactly equal to δφ and the out-of-plane oscillations mz are similarly equivalent

to −δθ. Second, we are considering in-plane magnetized samples and are only

considering an in-plane applied field so θ = π/2 at equilibrium, meaning that

sin2 θ = 1 and sin 2θ = 0, simplifying the relevant expression for the resistance
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oscillations by AMR to

δRAMR = −myRAMR sin 2φ. (3.17)

We can use nearly identical techniques to find the relationship between the re-

sistance oscillation due to any magnetoresistance and the magnetic oscillations,

which we have done in the last row of Table 3.2.

We now have all of the necessary ingredients to analyze the signal we mea-

sure from STFMR. From the susceptibility in Eq. 3.11, we find that

Re [my] =
1

αω+

1

(B −B0)2 + ∆2

(
τy(φ)∆2 + τz(φ)(B −B0)∆

ωz
ω

)
(3.18)

Re [mz] =
1

αω+

1

(B −B0)2 + ∆2

(
τz(φ)∆2 − τy(φ)(B −B0)∆

ωy
ω

)
, (3.19)

where we have discarded the factors ∆2α since they are high order terms in the

damping α. In the longitudinal STFMR, the AMR is the primary magnetoresis-

tance so we will consider this case alone for the moment. From the expression

for the resistance oscillations and how this relates to the voltage, we find that

the DC part of the resulting voltage, dubbed the mixing voltage, takes the form

Vmix =
IRAMR

2αω+

1

(B −B0)2 + ∆2

(
τDL∆2 + τØ(B −B0)∆

ωz
ω

)
sin 2φ cosφ (3.20)

where we have assumed that we have dampinglike torques from spins polar-

ized in Ŷ , τy(φ) = τDL cosφ and Oersted torques with the field pointing in Ŷ ,

τz(φ) = τØ cosφ. Here we have assumed that there are no other sources of field-

like torque, but this is not always the case. As was described by Pai et al. [49],

there can be fieldlike torques arising from a spin-orbit interaction at the interface
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which have the same polarization as those arising from the Oersted field. The

authors did show, however, that looking at the torques as a function of thickness

could disentangle these contributions, but for now we just deal with the simpler

case where the only fieldlike torques come from the Oersted field.

When analyzing the resultant voltage, we fit the resulting V (B) curve to the

sum of a symmetric Lorentzian LS(B;B0,∆) = ∆2/((B − B0)2 + ∆2) and anti-

symmetric Lorentzian LA(B;B0,∆) = (B − B0)∆/((B − B0)2 + ∆2), and find

the resulting amplitudes of these two lineshapes. Factoring this out of the volt-

age, we can find the amplitudes for the symmetric and antisymmetric lineshape

contributions are

V AMR
S =

IRAMR

2αω+
τDL sin 2φ cosφ (3.21)

V AMR
A =

IRAMR

2αω+

ωz
ω
τØ sin 2φ cosφ. (3.22)

To get even nicer averaging properties, we can then fit these amplitudes as a

function of magnetic field angle φ, but this is not strictly necessary. Finally, we

can see that many of the factors between V AMR
S and V AMR

A are the same. This

suggests what ends up being the main STFMR analysis technique to find the

spin Hall angle of the spin source layer which involves taking the ratio of the VS

and VA

V AMR
S

V AMR
A

=
ω

ωz

τDL

τØ

V AMR
S

V AMR
A

√
ωz
ωy

=
τDL

τØ

V AMR
S

V AMR
A

√
1 +

µ0Meff

B0

=
τDL

τØ
(3.23)
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where we have utilized the fact that ω = ω0 is the resonant frequency, ω0 =

√
ωyωz from 3.9 and the definitions of ωy and ωz from 3.4. For the Oersted torque,

we can use the expression for the torque expected from an infinite sheet of cur-

rent,

τØ =
γµ0JctNM

2
(3.24)

with Jc the charge current density in the spin source layer and tNM the thickness

of that layer, which is a good approximation since the devices are generally

several thousand times wider than they are thick. For the dampinglike torque,

the correct expression relating this to the spin Hall efficiency is [36]

τDL =
~
2e

γ

MstFM

JcξSH (3.25)

where e is the electron charge, Ms is the saturation magnetization of the ferro-

magnet, tFM is its thickness, Jc is the charge current density in the spin source

layer and ξSH is the effective charge-to-spin conversion efficiency. Putting this

into 3.23, we can solve for the efficiency

ξDL =
V AMR
S

V AMR
A

eµ0MstFMtNM

~

√
1 +

µ0Meff

B0

(3.26)

where everything on the right is either directly measured in STFMR, is known or

can be easily measured by other means. This “self-calibrated” nature of STFMR

is one of the keys to its utility. We say this method is self-calibrated because

we do not actually need to measure either the RF current flowing through the

device, which can be quite difficult to get right, nor the value of the magne-

toresistance — all of these quantities fall out in the symmetric to antisymmetric

voltage ratio. There are also not too many parasitic signals which can affect
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the measurement, and we now have techniques to deal with the few which can

arise such as an additional contribution of fieldlike spin orbit torques to the Oer-

sted field [49] and the effect of DC spin pumping [31] which we will also briefly

touch upon in Section 3.2.1.

Another aspect of STFMR which makes it quite useful for measuring torques

is that the field angle dependence of the symmetric and antisymmetric line-

shape amplitudes carries complete information about the torques acting on the

system. If instead of restricting our analysis to torques with σ̂ = Ŷ in getting

to 3.21 and 3.22 we allowed torques with other polarizations σ̂, the expressions

would look almost exactly the same save for a slight difference in the angular

dependence of the resonance amplitudes. Recalling where each part of the an-

gular dependence originated from, the sin 2φ part came from the magnetoresis-

tance, so as long as we are detecting a signal from the same magnetoresistance

that part of the angular dependence will be the same. The cosφ part came from

the fact we were assuming the torques were arising from spins polarized in Ŷ ,

but to consider for example a dampinglike torque caused by spins polarized

in X̂ we only need to consult Table 3.1 to see that this torque will have a sinφ

angular dependence and will appear as a torque in the ŷ direction, and hence

will appear on the symmetric part of the lineshape (formy oscillations) by Equa-

tion 3.18. With this, we know that the dampinglike torque from spins polarized

in X̂ will appear almost identically to a dampinglike torque from spins polar-

ized in Ŷ except it will follow a sin 2φ sinφ angular dependence. It turns out

that each type of torque (dampinglike or fieldlike) arising from spins in any of

the cardinal directions uniquely produce an angular dependence on either the

symmetric or antisymmetric signal, and hence can be distinguished by this. So,

if we are investigating some new material which breaks enough symmetry to
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possibly allow torques with arbitrary polarization, we can look at the angular

dependence of the STFMR lineshape amplitudes to distinguish and measure

them! If the only Ŷ fieldlike torque arises from the Oersted field of the spin

source layer, then we can also still use this component as a calibration for all of

the other torques since as before the same factors of current and magnetoresis-

tance are shared between the various signals. If this is not the case and there

could be other sources of Ŷ fieldlike torques, then extra steps will need to be

taken to account for that, either using the method developed by Pai et al. [49]

or by attempting to measure the RF current and magnetoresistances directly

by some method. Despite this, the analysis of the angular dependence of the

STFMR resonance amplitudes is still one of the best ways to analyze torques

with complicated polarizations.

3.2 Spin Pumping

Spin pumping is another inevitable result of magnets undergoing oscillations.

The phenomenon refers to the fact that whenever there is a precessing magne-

tization a spin current is generated — “pumped” by the oscillating magnet —

which flows to the interface of the magnet and can then flow into and inter-

act with adjacent layers and change the magnet’s resonance in some situations

[71, 72]. We can think of the spin pumping phenomenon as the inverse process

of a dampinglike spin current being absorbed by a ferromagnetic layer which

affects the effective damping of the magnet’s oscillations. This view helps in-

form the mathematical form describing the spin pumping phenomenon, with
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the spin current at the interface generated by spin pumping described by

←→
Q SP

σ̂ = σ̂ ⊗ qSP =
~
4π
g↑↓m× ṁ⊗ n̂ (3.27)

where g↑↓ is the real part of the spin-mixing conductance, a property of the in-

terface [4] and n̂ is the normal direction of the interface. There are two ways

in which this can affect measurements: through the modification of the effective

damping of the ferromagnetic oscillations or through the generated spin current

diffusing into adjacent layers and generating further signals.

The damping change was one of the first effects of spin pumping experi-

menters noticed [71]. Conceptually, we can understand this arising from the

fact that a spin current leaving the ferromagnet carries angular momentum out

of the ferromagnet, and this angular momentum comes from the precession of

the magnetization which results in an increase of the effective damping of the

oscillations. We can quantify this as an effective modification added to the in-

trinsic damping parameter α given by [80]

α′ = g↑↓eff

gµB
µ0MstFM

(3.28)

where g is the g factor, µB the Bohr magneton, and g↑↓eff is the effective spin mixing

conductance, taking into account details of the spin diffusion into the adjacent

layer, given by

g↑↓eff =
g↑↓

1 + 2g↑↓/GNM

(3.29)

with GNM the spin conductivity of the nonmagnetic layer. The modified damp-

ing αeff = α + α′ can then be used instead of the intrinsic damping in the LLGS
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equation to capture the effects of the spin pumping on the magnetization dy-

namics. The damping modification does not play a direct role in measurements

of the spin Hall angle, but it can be used to measure g↑↓eff , which is an important

property of the ferromagnet-nonmagnet interface since it describes how easily

spin currents traverse the interface [49].

The larger spin pumping related concern for measurements of the charge-to-

spin conversion efficiency is the actual spin current which flows into adjacent

layers. Although this spin current will not directly affect the ferromagnetic layer

(beyond the damping change discussed above), it will generate signals in adja-

cent layers which can look like the signals we are trying to measure, influencing

our measurements of the charge-to-spin conversion efficiency. This means that

understanding the pumped spin current will be important to making accurate

measurements.

We have already seen that the generated spin current is described by Eq.

3.27, we now just need to find the details of its diffusion into adjacent layers

and how to decompose it into a form which allows us to easily understand how

our measurements are affected. The spin scattering process in the nonmagnetic

layer leads to a gradient along the film thickness in the spin current which dif-

fuses into that layer, with the profile given by [4, 42]

←→
Q SP

σ̂ (z) = σ̂ ⊗ qSP(z) =
~
4π
g↑↓eff

sinh[(z + tNM)/λSD]

sinh[tNM/λSD]
m× ṁ⊗ (−ẑ) (3.30)

where λSD is the spin diffusion length in the nonmagnet, and z is the distance

from the ferromagnet/nonmagnet interface, with negative z being in the non-

magnetic layer. From this we can see that the spin current density in the non-
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magnet drops off quickly away from the interface, being nearly gone about 2-3

spin diffusion lengths into the nonmagnetic layer. This can help us reason about

our samples, as if we need the spin current to traverse a spacer layer, we need

that spacer layer to be thinner than about 2 spin diffusion lengths to have a rea-

sonable amount of spin current to make it to the other layer. If instead this is

flowing into a material with a significant spin Hall effect and is creating a volt-

age due to the inverse spin Hall effect, then we know that all of that current is

only being formed within about 2 spin diffusion lengths of the interface, which

impacts our analysis as we discuss below.

We can decompose the pumped spin current into two pieces based on its

time dependence: one DC component which does not change in time and one

AC component which varies at the same frequency as the ferromagnet pro-

cesses. This decomposition is useful since the detection methods for the DC

and AC components are quite different and, in the measurements we will dis-

cuss, only one component will matter at a time. We discuss each component

and the main implications it has for measurements in the sections below.

3.2.1 DC Component

The DC component of the pumped spin current was the first to be investigated

experimentally due to the comparative ease of measuring DC signals compared

to AC ones. Since spin currents alone are generally difficult to detect, we need

something to convert them into a voltage signal which we can easily measure.

In the case of DC spin currents, the inverse spin Hall effect can provide the

needed spin current to charge current conversion. Since this is the Onsager re-
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Figure 3.2: Diagram depicting the relationship between the various effects
which give rise to the measured DC voltage in STFMR. The “main” path is
shown in black with the AC current creating torques which cause the magneti-
zation to oscillate, causing resistance oscillations which then mix with the AC
current causing the DC mixing voltage. In the lower teal path we show how the
DC pumped spin current and inverse spin Hall effect create another DC volt-
age. In the upper yellow path we show how the AC pumped spin current can
cause oscillations in a second magnetic layer (if it exists in the heterostructure),
causing additional resistance oscillations.

ciprocal process of the spin Hall effect, the same geometric constraint must be

satisfied between the charge current direction, the spin current flow direction

and spin current polarization direction. For the “regular” spin Hall effect in a

high-symmetry material, a charge current in the X̂ direction will be caused by a

spin current flowing in the Ẑ direction and polarized in the Ŷ direction. The DC

component of the pumped spin current will point in the σ̂ = 〈m × ṁ〉 ‖ −m0

direction, where the angle brackets represent a time average and the fact that

this time average is antiparallel to the equilibrium magnetization direction can

be derived from considering elliptical precession of the magnetization vector,

and to account for the fact that the pumped current tends to increase the effec-

tive damping as discussed in the previous section. The inverse spin Hall effect
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generates a charge current in the spin Hall layer given by [42]

jc =
2e

~
θSHq

SP × σ̂ (3.31)

for the “regular” spin Hall effect. Now, the generated charge current does not

have a closed loop to flow in or a drain to go out of, so a voltage will need to

develop to counteract this charge current creation process. The voltage develops

across the whole heterostructure, since all layers are essentially electrically in

parallel, and is given by

VSP = −RtotI = −Rtot

∫
ΣNM

jc · dA (3.32)

where Rtot is the total resistance of the heterostructure, ΣHM is the cross-section

of the spin source layer, and dA is the differential surface area normal of the

cross-section, pointing between the leads we are measuring the voltage across.

We can simplify this integral a bit since in our model jc only varies along the

thickness of the spin source layer. If we measure voltage along the X̂ direction,

the integral simplifies to

VSP = −Rtot

∫ W/2

−W/2

∫ −tHM

0

jc · dA (3.33)

= −RtotW sinφ

∫ −tNM

0

|jc| dz (3.34)

where W is the width (perpendicular to the current) and the magnetization an-

gle φ dependence is evaluated from 3.31 and considering the measurement ge-

ometry. If we instead measure voltage along the Ŷ direction, all that changes

is W sinφ → L cosφ where L is the bar length (along the applied current). The
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only part of the pumped current which depends on z is

∫ −tNM

0

sinh[(z + tNM)/λSD

sinh[tNM/λSD]
dz = λSD tanh

(
tNM

2λSD

)
(3.35)

and hence, for measuring voltage along X̂ , the spin pumping voltage can be

written as

VSP = −2e

~
θSHRtotW sinφ

~
4π
g↑↓effλSD |〈m× ṁ〉| tanh

(
tNM

2λSD

)
(3.36)

and we just need to evaluate |〈m× ṁ〉|.

To evaluate this, we can write the cross product in the magnetization’s coor-

dinate system where m0 = x̂. To first order, this cross product can be written

〈m× ṁ〉 = 〈myṁz −mzṁy〉 x̂

= 〈myṁz〉 x̂− 〈mzṁy〉 x̂

= −1

2
Re [myṁ

∗
z] x̂ +

1

2
Re
[
mzṁ

∗
y

]
x̂

= −1

2
Re
[
−iω(mym

∗
z −mzm

∗
y)
]
x̂

〈m× ṁ〉 = ω Im [mym
∗
z] (−m0) (3.37)

where we have used an identity for time-averages with phasors 〈xy〉 =

−Re [xy∗] /2. We can evaluate 3.37 using the susceptibility (Eq. 3.11) to find

mx and my (making the denominator imaginary greatly eases the computation).
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Doing so, we find that

mym
∗
z =

∆2

(αω+)2

iτy + ωz

ω
τz

(B −B0)− i∆
−ωy

ω
τy + iτz

(B −B0) + i∆

Im [mym
∗
z] =

∆2

(αω+)2

ωy

ω
τ 2
y + ωz

ω
τ 2
z

(B −B0)2 + ∆2

ω Im [mym
∗
z] =

∆2

(B −B0)2 + ∆2

ωyτ
2
y + ωzτ

2
z

(αω+)2
(3.38)

from which we can glean two important pieces of information. First, we see the

symmetric Lorentzian lineshape appearing here, so spin pumping will affect our

measurements of the symmetric part of the lineshapes. Also, we can see that the

amplitude is quadratic in the torques, which tells us about the angular depen-

dence of the spin pumping signal. For the standard torques, they all depend

on cosφ, so this adds a cos2 φ angular dependence to the spin pumping-inverse

spin Hall effect generated signal.

With this computed, we can finally find the extra voltage due to spin pump-

ing. If voltage is measured along the X̂ direction, and we only have torques

from the standard spin Hall effect and Oersted field, the spin pumping-inverse

spin Hall effect will contribute an additional voltage of

VSP = − e

2π
θSHRtotWg↑↓effλSD

ωyτ
2
y + ωzτ

2
z

(αω+)2

∆2

(B −B0)2 + ∆2
tanh

(
tNM

2λSD

)
sinφ cos2 φ.

(3.39)

The rough sketch of how this enters into the STFMR measurement is shown in

the bottom teal path in Figure 3.2. We can see that this presents a bit of a prob-

lem by noting that sinφ cos2 φ = 1
2

sin 2φ cosφ, the same angular dependence

we found for the mixing voltage signal in Eq. 3.21. So, when we measure the

symmetric amplitude of our resonances and fit to sin 2φ cosφ, we do not mea-
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sure the mixing signal only and the assumptions that went into 3.26. Several

groups have found ways to deal with the spin pumping signal’s addition to

the STFMR signal but I, along with Saba Karimeddiny, developed an elegant

technique which involves simultaneously measuring the DC voltage generated

along the X̂ and Ŷ directions simultaneously, which turns out to give enough

information to disentangle the mixing and spin-pumping signals without need-

ing to measure quantities such as g↑↓eff which are hard to measure precisely [31]. I

will not go over these calculations in detail here as Saba Karimeddiny has done

so in his own thesis [29].

3.2.2 AC Component

The AC component of the spin pumping is a bit more subtle since it is more

difficult to detect. In most of the spin pumping measurements in the literature,

it hasn’t played much of a role in the measurements performed, aside from the

increase in the damping. One way that it can influence measurements, however,

is if there is another ferromagnetic layer which can sense this AC pumped spin

current, appearing to that other ferromagnetic layer as effectively another AC

torque. The upper orange path in Figure 3.2 shows the pathway of how this

affects our measurements. However, unlike the torque arising from the spin

current generated by the spin Hall effect, the phase and magnitude of this spin

current will be dependent on the resonance of the magnetic layer pumping the

spin. Although this seems like it will get pretty complicated, it turns out that

we can capture the added dynamics caused by this spin current by adding an

55



additional term to the LLGS equation [23, 53]:

τ SP = −α′12m1×(m2×ṁ2)×m1 = −α′12m2×ṁ2+α′12m1 [(m2 × ṁ2) ·m1] (3.40)

where the subscripts 1 and 2 refer to the two different magnetic layers in our sys-

tem. The coefficient α′12 = γ~g↑↓/2Ms,1 describes the efficiency of spin current

transmission from layer 2 to layer 1. If the equilibrium directions of magnets 1

and 2 are parallel, which is the case when there is not much in-plane anisotropy,

or the in-plane anisotropy is the same for the two layers, then the second part

of 3.40 becomes zero and we are left only with the part directly proportional to

m2×ṁ2. For our analysis, we will not need to worry much about the exact form

of the coupling coefficients, we will focus our efforts on finding an understand-

able solution to the coupled system, which we will do in section 4.1.

3.3 Bilinear Exchange

For completeness, we will quickly mention bilinear exchange coupling, one

other form of coupling which can arise in systems with more than one magnetic

layer. This coupling is so called because it adds a term to the total magnetic

energy of the form

Eex = −Jexm1 ·m2, (3.41)

which is linear in both of the magnetizations. Such energy terms tend to make

the magnetizations either parallel or antiparallel, depending on the sign of the

coupling constant Jex. Such a term can arise from a few different mechanisms,

chief among them dipole coupling of the layers, primarily driven by roughness,
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or the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction, which is a non-

local exchange interaction mediated by the conduction electrons of the spacer

layer between the two ferromagnetic films[55, 50]. Despite the differences in

physical mechanism, the modification to the magnetic energy is the same, and

we can find how this ends up modifying the resonances of the magnetic layers

in the same way. We can directly add this term to the magnetic energy 2.1 and

follow the same procedure as we used to find the equilibrium torques to find

the added torques from bilinear exchange. Doing so, we find that the additional

torque component on magnet 1 is

τex,1 = −ωex,1m1 ×m2 (3.42)

where ωex,1 = Jex/Ms,1 is the natural frequency related to the exchange interac-

tion.

We can simplify this a bit by looking at the first-order terms in the torque.

Expanding the equilibrium and resonant parts of the magnetization mi(t) =

mi,0 + m̃i(t) we can expand the bilinear exchange torque to first order as

τex,1 = −ωex,1m̃1 ×m2,0 − ωex,1m1,0 × m̃2 (3.43)

from which we see two effects emerge. The first term here takes the same form

as the torque by the external field, γm1×Bext, and hence will act the same way. If

there is no significant in-plane anisotropy, then m2,0 ‖ Bext and this effect serves

to slightly shift the usual resonance frequency. The second part of the torque

is a genuine coupling term since the AC oscillations of magnet 2 are driving

a torque on magnet 1. To account for this term, we need to solve the coupled

57



system of the LLGS equations for both magnets which we will do in Appendix

A.
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CHAPTER 4

NONREORIENTABLE SPIN-ORBIT TORQUE FROM A FERROMAGNET

In this chapter we will describe measurements of the magnetization-

independent, nonreorientable component of the spin current generated by Py

(Ni80Fe20). This will be a more detailed retelling of the results presented in [41].

To measure these spin currents, we will make use of the spin-torque ferromag-

netic resonance (STFMR) technique, but with some modifications which we al-

luded to before. To measure the spin current generated by the Py layer, we will

use a second ferromagnetic layer to detect this spin current. The two layers we

will call generally the “source” layer, creating the spin current we are trying to

measure, and the “detector” layer, which feels the influence of this spin current,

affecting it’s dynamics in ways which we can measure. The addition of this sec-

ond magnetic layer will complicate our measurement technique due to various

forms of coupling. In this chapter we will also describe how we can modify the

standard analysis of STFMR data to account for this coupling. We will then use

this analysis on trilayers consisting of Co / Cu / Py as the detector / spacer /

source layers, respectively, ultimately measuring the charge-to-spin conversion

efficiency of the nonreorientable component of the dampinglike torques gener-

ated by Py.

4.1 Coupled Resonance Modes

Here we will work out how we expect coupling between the magnetic layers to

play a role in our STFMR measurements. Since this is a report of work which

has already been completed, we know that we will only need to consider the

dynamic spin pumping introduced in Section 3.2.2. In principle, however, we
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would also need to consider bilinear exchange coupling discussed in Section 3.3,

but we happen to know that it does not play a role in the particular experiments

we will discuss in this chapter, and so we will relegate a brief discussion of how

this could come in Appendix A. Even focusing only on the coupling effects of

dynamic spin pumping our equations will quickly get out of hand if we are not

judicious about which terms we keep, so we warn the reader now that we will

need to make several simplifying assumptions to get an analytically tractable

result. With that in mind, let us begin our analysis.

4.1.1 Dynamic Spin Pumping from Source to Detector

We first write out the LLGS equation for our system, with the added term for

dynamic spin pumping. The term we need to add comes directly from Eq. 3.40,

assuming that the magnetization of the two layers are parallel in equilibrium,

which is a good assumption for the low in-plane anisotropy systems we con-

sider here. The LLGS now takes the form

ṁd = τDC,d + τAC,d + αsmd × ṁd − α′dsms × ṁs (4.1)

ṁs = τDC,s + τAC,s + αsms × ṁs − α′sdmd × ṁd (4.2)

where the s and d subscripts refer to the source and detector layers, respectively.

Since we are assuming that the magnetizations are parallel in equilibrium, we

can work in the same coordinate system for both magnets, which will be iden-

tical to what we used when deriving the single-layer susceptibility. We can still

make the same assumption that there will be no dynamics happening in the x̂

direction, so there will only be two free parameters per magnetic layer, meaning
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that our overall system will be described by a 4x4 matrix. Writing this out, the

coupled LLGS equations become

−iω

mdy

mdz

 =

−ωdzmdz

ωdymdy

+

τdy
τdz

− iωαd
−mdz

mdy

+ iωα′ds

−msz

msy

 (4.3)

−iω

msy

msz

 =

−ωszmsz

ωsymsy

+

τsy
τsz

− iωαs
−msz

msy

+ iωα′sd

−mdz

mdy

 (4.4)

where ωdy, ωdz etc. are defined the same as they were in the single-layer case

but with any relevant parameters, such as the effective magnetization, being

that for the detector layer, and similarly for the ωsy, ωsz. Note, however, that the

external field is the same for both of the layers. At this point, it is easy enough

to rearrange this the same way we did in Eq. 3.8 at which point we would have

a 4x4 matrix which is the inverse of the susceptibility matrix, written below for

completeness:



−iω ωdz − iωαd 0 iωα′ds

−(ωdy − iωαd) −iω −iωα′ds 0

0 iωα′sd −iω ωsz − iωαs

−iωα′sd 0 −(ωsy − iωαs) −iω)


︸ ︷︷ ︸

χ−1



mdy

mdz

msy

msz


=



τdy

τdz

τsy

τsz


.

(4.5)

This is easy enough to solve numerically; if we evaluate all of the parameters

at some external field, with some applied current, and assuming some specific

material parameters, we can just invert this matrix* to solve for the oscillations.

*It is actually much more numerically stable to use some linear system solving routine in-
stead of numerically inverting the matrix and applying it to the torque vector. You should
almost never actually numerically invert a matrix!
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Doing this for many external fields and frequencies, we can effectively simulate

doing STFMR measurements, except we now have access to the magnetization

oscillation phases and amplitudes directly instead of only through the mixing

voltage. This will be helpful to compare in the future, but unfortunately while

it is possible to analytically solve the full 4x4 system, we will not end up with

an expression which is really analytically tractable or would provide insight

into what is going on in our system. For this reason, we will need to make

several simplifying assumptions to get an analytically tractable result and see

how we can modify our STFMR analysis technique to account for dynamic spin

pumping.

The first, and possibly most critical, simplification is to only consider the

first-order interaction between the layers. Imagine if somehow only one of the

layers pumped spin into the other. In that case, we could first solve for the

oscillations of the layer pumping the spins and then use the expressions we

find for the oscillations to solve for the effect of the pumped spin current on the

other layer. In reality, the other layer will simultaneously be pumping spins into

the first layer, slightly modifying its resonance and hence modifying the amount

of spin current it pumps into the other layer and so on. However, these will all

be higher-order effects on the order of (α′sd)
2 or higher. Each of these coupling

parameters is quite small, so ignoring any terms higher than second order is a

good assumption. This assumption allows us to replace the coupling terms, the

furthest right terms in Eqs. 4.3 and 4.4, with what the oscillations for each of

these layers would have been in the absence of coupling. The linearized LLGS

62



equations for the two layers then become

χ−1
d

mdy

mdz

 =

τdy
τdz

+ iωα′ds

0 −1

1 0

χs
τsy
τsz


mdy

mdz

 = χd

τdy
τdz

+ iωα′ds χd

0 −1

1 0

χs
︸ ︷︷ ︸

τsy
τsz

 (4.6)

where χs is the susceptibility matrix for the source layer in the absence of cou-

pling, and similarly for χd. The term inside the under-brace is effectively the

susceptibility of the detection layer to torques on the source layer. Our assump-

tion allows us to calculate this as a function of the coupling-free susceptibilities

of the two layers. We also note that although we have only written the equation

for the detector layer oscillations, the equations for the source layer oscillations

is the same but with s and d indices swapped everywhere. This key assumption

allows us to get something reasonable, but we will need to go further with our

assumptions.

We will now work on simplifying the effective susceptibility, the term with

the under-brace in Eq. 4.6. To make some of the expressions simpler, we will

define Li and Li as

χi = Li

 −iω −iωαi + ωiz

iωαi − ωiy −iω

 (4.7)

Li = Li
[
(ω2

i0 − ω2) + iωω+
i αi
]

(4.8)

so that Li = [(ω2
i0−ω2)2+(ωω+

i αi)
2]−1 from comparing to the single-layer suscep-
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tibility shown in Eq. 3.9. We now calculate the products of the three matrices:

χd

0 −1

1 0

χs = LdLs

 −iω −iωαd + ωdz

iωαd − ωdy −iω


0 −1

1 0


 −iω −iωαs + ωsz

iωαs − ωsy −iω


= LdLs

 −iω −iωαd + ωdz

iωαd − ωdy −iω


−iωαs + ωsy iω

−iω −iωαs + ωsz


= LdLs

 −ω2αs − iωωsy − ω2αd − iωωdz ω2 − iωωszαd − iωωdzαs + ωdzωsz

−ω2 + iωωsyαs + iωωdyαs − ωdyωsy −ω2αd − iωωdy − ω2αs − iωωsz


(4.9)

where we have thrown away any terms higher than first order in the α’s. We

now note that all of this will be multiplied by α′ds, which is on the same order

as all of the other damping terms in general [23], so any terms in Eq. 4.9 which

include even one factor of an α will be second order after multiplying the cou-

pling term. Furthermore, looking at Ls = Ls [(ω2
s0 − ω2) + iωω+

s αs], there is also

a damping term in here, which corresponds to the symmetric component of the

resonance which we can similarly discard since it will also be second order in

the α’s. Furthermore, the symmetric part of the resonance falls off quickly as we

can see in Figure 4.2(a) and the resonances we consider are always more than

six linewidths apart. For these reasons, we also disregard the iωω+
s αs term in

Ls, leaving us with

χd

0 −1

1 0

χs ≈ LdLs(ω
2
s0 − ω2)

−iω(ωsy + ωdz) ω2 + ωdzωsz

−(ω2 + ωdyωsy) −iω(ωdy + ωsz)

 , (4.10)

which seems tractable.
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We can now put this together with the normal free-layer susceptibility to

find the oscillation amplitudes. Multiplying both the free-layer and coupling

susceptibilities by their respective torques:

χd

τdy
τdz

 = Ld

 −iω −iωαd + ωdz

iωαd − ωdy −iω


τdy
τdz

 ≈ Ld

 ωdzτdz − iωτdy

−ωdyτdy − iωτdz


(4.11)

iωα′dsχd

0 −1

1 0

χs
τsy
τsz

 ≈ iωα′dsLdLs(ω
2
s0 − ω2)

−iω(ωsy + ωdz) ω2 + ωdzωsz

−(ω2 + ωdyωsy) −iω(ωdy + ωsz)


τsy
τsz


= iωα′dsLdLs(ω

2
s0 − ω2)

ω2(ωdz + ωsy)τsy + iω(ω2 + ωdzωsz)τsz

ω2(ωdy + ωsz)τsz − iω(ω2 + ωdyωsy)τsy.


(4.12)

Putting these together, we can find the in-plane and out-of-plane oscillation am-

plitudes:

mdy = Ld
(
ωdzτdz + α′dsLs(ω

2
s0 − ω2)ω2(ωdz + ωsy)τsy

−iω
[
τdy − α′dsLs(ω2

s0 − ω2)(ω2 + ωdzωsz)τsz
]) (4.13)

mdz = Ld
(
−ωdyτdy + α′dsLs(ω

2
s0 − ω2)ω2(ωdy + ωsy)τsz

−iω
[
τdz + α′dsLs(ω

2
s0 − ω2)(ω2 + ωdyωsy)τsy

])
.

(4.14)

We can now see one way of thinking of the effect of the dynamic pumped spin

from the source to the detector layer; this pumped spin current acts as a mod-

ification to the “normal” torques on the detector layer. This also allows us to

immediately see how this would affect the symmetric and antisymmetric line-

shape amplitudes since we can just substitute our effective modified torques
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wherever the normal torques appear. We focus on the in-plane oscillations,

since these will be the source of the experimental signal measured in this chap-

ter. Comparing Eq. 4.13 to the expressions we get in regular STFMR, we can see

that ωdzτdz maps to τdzωdz/αdω+
d ω on the antisymmetric component, and −iωτdy

maps to τdy/αdω+
d on the symmetric component. By analogy we can see that

A′d =
1

αdω
+
d

[
τdz

ωdz
ω

+ α′dsLs(ω
2
s0 − ω2)

ω

ωdz
(ωdz + ωdy)τsy

]
(4.15)

S ′d =
1

αdω
+
d

[
τdy − α′dsLs(ω2

s0 − ω2)(ω2 + ωdzωsz)τsz
]

(4.16)

are the modified symmetric and antisymmetric lineshapes of the detector layer

magnetization oscillations.

4.1.2 Dynamic Spin Pumping from Detector to Source

We have so far focused on the effect that the spin current pumped by the source

layer has upon the detector layer, but there is also a pumped spin current going

in the other direction that we have not considered yet. Although, as we men-

tioned before, the theoretical treatment of these layers is symmetric and hence

we can swap s and d everywhere in the expressions we have derived up to this

point and have accurate expressions for the source layer magnetization oscilla-

tion amplitudes, in our experiments we are only measuring the detector layer

lineshape so we will need to handle things a bit differently for the source layer

expressions.

Starting from the equivalent of Eq. 4.9 for the source layer, we make one im-

portant change. We will still ignore all terms inside of the susceptibility which
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include a factor of the damping, but instead of expanding the detector layer

Lorentzian in the LsLd prefactor and disregarding its symmetric part (which

would be the analog to what we did above), we do this for the source layer

Lorentzian. We then end up with

χs

0 −1

1 0

χd ≈ LdLs(ω
2
s0 − ω2)

−iω(ωdy + ωsz) ω2 + ωszωdz

−(ω2 + ωsyωdy) −iω(ωsy + ωdz)

 . (4.17)

We expand in this way to emphasize the fact that near the detector layer’s res-

onance condition, this coupling term will make the source layer magnetization

oscillate with the same basic lineshape (meaning resonant field and linewidth)

as the detector layer, through the Ld term in the above equation. Furthermore,

as we will discuss more below, the resonances of our two layers are far enough

separated that within two linewidths of the detector layer’s resonance condi-

tion, the single-layer susceptibility contribution to the source layer oscillation

amplitude will effectively be constant and hence will not really contribute to

our signal. Near the detector layer’s resonance contribution, the source layer

oscillations will then take the form

msy

msz

 ≈ χs

τsy
τsz


︸ ︷︷ ︸

approx. constant

+ iωα′sdLdLs(ω
2
s0 − ω2)

−iω(ωdy + ωsz) ω2 + ωszωdz

−(ω2 + ωsyωdy) −iω(ωsy + ωdz)


τdy
τdz


︸ ︷︷ ︸

approx. detector lineshape

,

(4.18)

and we will only need to concern ourselves with the component from the cou-

pling since we are measuring things with the detector layer resonant field and

linewidth.

Multiplying the torques, we find the coupling contribution to the symmetric
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layer amplitudes:

msy = α′sdLdLs(ω
2
s0 − ω2)

[
ω2(ωdy + ωsz)τdy + iω(ω2 + ωdzωsz)τdz

]
(4.19)

msz = α′sdLdLs(ω
2
s0 − ω2)

[
ω2(ωdz + ωsz)τdz − iω(ω2 + ωdyωsy)τdy

]
. (4.20)

We can find the contributions to the symmetric and antisymmetric lineshapes of

the resonance with the resonant field and linewidth of the detector layer in the

same way we did above, by looking at the real and imaginary parts of the above

equations for the antisymmetric and symmetric components, respectively. Do-

ing so for the in-plane oscillations, we find that

Ãd =
1

αdω
+
d

ω(ωdy + ωsz)τdyα
′
sdLs(ω

2
s0 − ω2) (4.21)

S̃d =
−1

αdω
+
d

(ω2 + ωdzωsz)τdzα
′
sdLs(ω

2
s0 − ω2). (4.22)

These are the oscillation amplitudes of the source layer, but with the resonant

field and linewidth of the detector layer near the detection layer’s resonance

condition, driven by the dynamic spin pumping from the detection layer to the

source layer. We discuss how this ends up playing a role in analyzing our ex-

perimental results in the next section.

4.2 Sample Fabrication and Measurements

The samples used in these experiments were all grown using room-temperature

DC sputtering onto high-resistivity thermally oxidised Si substrates. The main

set of samples consisted of SiOx/Ta (1)/Cu (8)/Co (8)/Cu (8)/Py (tPy)/Ta (1)
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with the numbers in parentheses indicating the thickness in nm. A cartoon of

this stack along with the coordinate system we have been using is shown in

Figure 4.1. The magnets Co and Py were chosen since they have a substantially

different effective magnetization and hence their resonance conditions will be

well-separated, especially at higher frequencies. They are also fairly well un-

derstood transition metal ferromagnets. Py (Ni80Fe20) was chosen as the source

layer since Ni is predicted to have a relatively large SHE-like charge to spin con-

version efficiency [1] and because of it’s relatively low resistivity, meaning that

the current shunting in the Cu layers is not as problematic.

The Cu spacer between the Py and Co is needed to break exchange coupling

between the layers, and the thickness was tuned to do just that as we will show

in 4.4.1. The second Cu layer under the Co was added to cancel the effect of the

Oersted field of the Cu spacer inside of the Co detector layer. This is important

since one of the main assumptions of the standard lineshape analysis is that

the Oersted field causing the signal on the antisymmetric part of the detector

layer resonance is driven by the same current driving the spin orbit torques

which appear on the symmetric part of the resonance. Since we are attempting

to measure spin-orbit torques generated by the Py layer, then the only Oersted

field that we want driving dynamics in the Co detector layer is due to the current

flowing in the Py layer, hence our need to cancel any contribution from the Co

layer. We have verified that this cancellation actually works by growing a stack

which is identical, except the top Py layer is not included and measuring the

STFMR spectrum on this modified stack. Doing this, we have verified that the

STFMR spectra we get on the modified stack is two orders of magnitude smaller

than what we get when the Py layer is included, meaning that the Cu layers are

not providing any significant torques on the Co layer.
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Figure 4.1: Cartoon of the trilayer stack used in experiments near the Co layer’s
resonance condition. The red arrows show the Oersted field generated by the
Cu layers, in particular that they will cancel in the Co layer. Note that the am-
plitude of the Py dominated mode is still significant, and that the Oersted field
generated by current in the Cu and Co layers will all add constructively in the
Py layer.

The bottom Ta layer acts as a smoothing layer, allowing us to get smooth

films, and the Ta capping layer acts as a protection against oxidation for the

rest of the layers since Ta oxidizes more readily than all of the other materials.

Both of these layers should be mostly or entirely oxidized, and thus have a large

resistance and will not shunt a significant amount of current.

We conduct STFMR measurements using the standard method of injecting

an RF current across the entire device and measuring the resulting mixing volt-
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age. An optical image of the device with a diagram of the measurement circuitry

is shown in Figure 4.2(a). One particular thing to note is that the contact pads

touch the whole heterostructure, so whatever voltage we measure between the

signal and ground pads comes from the whole heterostructure. This is impor-

tant to note in light of what we found above, that the pumped spin current

flowing from the Co detector layer to the Py source layer causes the Py to os-

cillate with the Co’s resonant field and linewidth, the signal we attribute to the

Co is actually coming from both layers. So the symmetric and antisymmetric

lineshapes from the mixing voltage with the resonant field and linewidth of the

Co includes contributions from both magnetic layers, which we will need to

account for. We will show how to quantitatively take care of this in the next

section.

We show the mixing voltage we measure for a typical field sweep in Figure

4.2(b). We can clearly see the two resonances, with the Co-dominated resonance

being at the lower field due to its larger effective magnetization, and the Py-

dominated resonance at the higher field. We also show fits to the symmetric

and antisymmetric lineshape amplitudes of both resonances, showing that we

can indeed get a good measurement of all of these quantities. As described

for the single-layer STFMR experiments above, we repeat these field sweeps

for several angles between the current and applied external field. We then use

least-squares fitting algorithms to find the symmetric and antisymmetric line-

shape amplitudes of the Co and Py-dominated resonances, and see how they

change with the applied field angle. The dependence of the symmetric and an-

tisymmetric Co-dominated resonance lineshape amplitudes are shown in Fig-

ure 4.2(c) and (d) respectively. We also show fits to the sin(2φ) cos(φ) angle de-

pendence, which is what we expect from a “standard” spin Hall-like torque in
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Figure 4.2: (a) Optical image of an STFMR device with a diagram of the mea-
surement apparatus. The small darker rectangle is the magnetic heterostruc-
ture, and the large, lighter features are the Ti/Pt bonding pads used to make
contact to the device. (b) An example resonance signal of the tPy = 5.7 nm sam-
ple, showing the Co- (left, lower resonant field) and Py- (right, higher resonant
field) dominated resonances and their symmetric and antisymmetric compo-
nents for an applied microwave frequency f = 8 GHz. The dashed vertical line
represents the Co-dominated resonance field. The antisymmetric part of the Py-
dominated resonance is still substantial there. (c), (d) The angular variation in
the (c) symmetric and (d) antisymmetric components of the Co-dominated reso-
nance, showing the sin(2φ) cos(φ) angular dependence expected form from spin
Hall-like torques and in-plane Oersted torques, respectively.

72



which the spins are polarized in the Ŷ direction and with a generation efficiency

which is independent of the magnetization.

We should talk about what we can and cannot say with this angular depen-

dence a bit more, however. First, in this measurement geometry, we will not

have any signal from the SAHE. Both Py and Co have fairly small coercivities of

no more than 10 mT, much smaller than the resonant fields investigated here, so

both layers will have equilibrium directions parallel to each other and the exter-

nal field. Since any spins created via the SAHE are polarized along the source

layer magnetization, and the source and detector magnetizations are parallel,

any spin current from the SAHE will also be parallel to the detector layer mag-

netization which does not contribute to the lineshape amplitudes, only to the

linewidth through effectively changing the damping. This contribution can be

seen by using a DC bias current to create a DC spin current which affects the

damping of the detector layer which can be measured, and this experiment has

indeed been done by a few groups [27, 57, 59], but will not appear in our exper-

iments.

One comment on using DC biased STFMR to measure the SAHE with in-

plane magnets without significant anisotropy: the angular dependence of the

damping change is the same whether the effect is caused by the SAHE or a

“standard”, magnetization-independent SHE, so one must take care to account

for this when interpreting the results. The reason that the same angular depen-

dence arises from both experiments lies in an unfortunate coincidence on the

angular dependence for the generation and detection process being swapped in

the two mechanisms. For a “standard” SHE, the generation efficiency of mak-

ing spins polarized in Ŷ is constant, but the efficiency of such a spin current
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to change the damping goes like σ̂ ·md, and since σ̂ = Ŷ , this imparts a sinφd

angular dependence, where φd is the azimuthal angle of the detector layer. If

instead the generation mechanism is SAHE, then the efficiency of making spins

polarized in σ̂ = ms goes like ms · Ŷ , which has a sinφs angle dependence,

where φs is the azimuthal angle of the source layer. However, if the system has

low anisotropy then ms = md and the generated spin current always has the

same efficiency of modifying the damping, so the overall angular dependence

is sinφs. If φs = φd, as is the case when there is low anisotropy, these two ef-

fects cannot be separated by merely looking at the angular dependence of the

damping change and some auxiliary measurement must be done.

The other thing to keep in mind is an interface-driven spin rotation effect, as

described in [2] and in Section 2.2.2. for an in-plane magnetized source layer,

this effect generates a spin current polarized in the Ẑ direction, which when

looking at Table 3.1 does not produce any extra angular dependence, and if it

creates a fieldlike torque would appear on the symmetric part of our resonances.

The efficiency of generating such a spin current does depend on the magneti-

zation orientation as ms · X̂ = cosφs, and since it is due to the same magne-

toresistance also picks up an angular dependence given by sin(2φd), giving an

overall angle dependence of sin(2φd) cos(φs). As we discussed before φs = φd in

our system so this is the same angle dependence as we expect from a “regular”

spin Hall effect related current. In principle, this is a bit concerning for our mea-

surements and in all honesty we do not have a well-principled rebuttal to the

claim that the signal we are seeing is actually due to this spin rotation effect. The

most we can say is that generating an out-of-plane polarized spin current from

an in-plane magnet through this effect has only been claimed once [5] where it

seems the effect is not very large. Also, there should not be too much spin-orbit
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coupling at these interfaces with relatively light metals so perhaps this effect

will not be so large in our system. This is an area that we hope to make some

improvements upon in future measurements.

4.3 Experimental Analysis & Results

We now turn to how we measure our quantity of interest, the charge-to-spin

conversion efficiency of standard SHE dampinglike torques generated by the

Py layer. From what we discussed investigating the coupled resonance modes,

we know that the usual analysis of using the symmetric to antisymmetric line-

shape amplitudes will not give us an accurate measurement of the dampinglike

efficiency, but we should first get an estimate of how large this effect actually

seems to be in our samples. We construct the same quantity as Eq. 3.26, but

call it ξFMR to remind us that this is not the true dampinglike efficiency due to

the effects of the dynamic spin pumping. The results of this are shown as the

grey points in Figure 4.3(a). We immediately notice two things: there is a strong

frequency dependence to ξFMR, and the values that we find seem unrealistically

large. To compare, heavy metals with significant spin-orbit coupling such as W,

Ta and Pt have charge-to-spin conversion efficiencies of 0.1-0.3 [35, 36, 48] yet

what we are seeing here for Py, an alloy of the relatively light and thus small

spin-orbit coupling Ni and Fe, is much larger than that. To explain this, we will

need to come up with a more detailed model of how dynamic spin pumping

affects the usual STFMR lineshape analysis.

The key for accounting for the effect of dynamic spin pumping on the quan-

tity ξFMR lies in the expressions we found in Eqs. 4.15, 4.16, 4.21, and 4.22, but
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Figure 4.3: (a) The output of a standard STFMR symmetric to antisymmetric
lineshape amplitude ratio analysis, ξFMR, as a function of frequency. In the
absence of dynamic spin pumping coupling between the two magnetic layers
or fieldlike spin-orbit torques, this would be the dampinglike charge-to-spin
conversion efficiency of Py, which should be frequency-independent which this
quantity is not. Fits to Eq. 4.32 are in yellow, and the extracted true damp-
inglike efficiency is shown as the orange line, which is the infinite-frequency
limit of the yellow fit curve. (b) The ξFMR quantity against the frequency depen-
dence expected from the dynamic spin pumpingR(ω). (c) The true dampinglike
charge-to-spin conversion efficiency measured in different samples with various
Py layer thicknesses, extracted from the infinite frequency intercept in (a) and
(b). There is no significant thickness dependence, as we expect. (d) The effec-
tive coupling parameter due to the dynamic spin pumping effect, measured in
samples with various Py thicknesses. This is extracted from the slope of the line
in (b).
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with a couple of further simplifications. The τsy term which appears in Eq. 4.15

is the dampinglike torque acting upon the source layer. We know that in a het-

erostructure with a single magnetic layer, this is proportional to the symmetric

part of the resonance. However, looking at Figure 4.2(b), we can see that the

symmetric lineshape contribution to the Py resonance is nearly zero. Further-

more, this is being added to τdz, the Oersted field contribution to the detection

layer which appears on the antisymmetric part of the Co resonance, which we

can see is relatively large. Therefore, to a good approximation we can leave this

factor off of Eq. 4.15, meaning it reduces to the single-layer expression.

We will also argue that we can ignore the contribution to the antisymmetric

component coming from the oscillations of the source layer which are driven by

dynamic spin pumping from the detector layer. To see this, let us write out that

contribution from the mixing voltage. The total mixing voltage is given by

Vmix =
I

2

(
RAMR
d Re [mdy] +RAMR

s Re [msy]
)

sin(2φ) (4.23)

which is just the sum of the mixing signal for each of the individual layers,RAMR
i

is the resistance change of the entire heterostructure due to the AMR in layer i

and I is the RF current flowing through the entire heterostructure. Pulling from

the expressions we have for the magnetization oscillations for the antisymmetric
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component Eqs. 4.15 and 4.21, we find that

VdA =
IRAMR

d sin(2φ)

2

1

αdω
+
d

ωdz
ω
τdz

+
IRAMR

s sin(2φ)

2

1

αdω
+
d

1

ω
α′sdLs(ω

2
s0 − ω2)ω2(ωdy + ωsz)τdy

(4.24)

=
IRAMR

d sin(2φ)

2

1

αdω
+
d

ωdz
ω
τdz

(
1 +

RAMR
s

RAMR
d

Ls(ω
2
s0 − ω2)ω2(ωdy + ωsz)

ωdz

τdy
τdz

α′sd

)
.

(4.25)

The term adding to the one inside the parentheses is the effect of the dy-

namic spin pumping which is small, as we will show since all the terms are

either known or can be reasonably approximated. For the Co/Py system,

Ls(ω
2
s0 − ω2)ω2(ωdy + ωsz)/ωdz ≈ −1 which we can find from fitting the reso-

nances to measure quantities such as the effective magnetization and linewidth.

We can estimate the torque ratio τdy/τdz to be in the range 0.2 − 0.5. The AMR

resistance ratio is close to 1, as the data presented in Section 4.4.3 shows. The

spin pumping coupling term α′sd should be on the same order as the damping in

Py, so taking this as 0.01 as an upper limit is reasonable. All of this together tells

us that the term adding to the 1 in the above expression is no more than 0.01,

meaning that the dynamic spin pumping does not affect the antisymmetric com-

ponent of the measured detector layer resonance amplitude by more than 1%.

We are then justified in ignoring this contribution in our following expressions,

which will greatly simplify ξFMR.

With these simplifications, we can take our modified expressions for the

magnetic oscillations in each layer due to dynamic spin pumping and find the

expected symmetric and antisymmetric voltages of the resonance with the de-
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tector layer’s resonant field and linewidth:

VdA =
IRAMR

d sin(2φ)

2

1

αdω
+
d

ωdz
ω
τdz (4.26)

VdS =
IRAMR

d sin(2φ)

2

1

αdω
+
d

[
τdy − α′dsLs(ω2

s0 − ω2)(ω2 + ωdzωsz)τsz
]

− IRAMR
s sin(2φ)

2

1

αdω
+
d

(ω2 + ωdzωsz)τdzα
′
sdLs(ω

2
s0 − ω2).

(4.27)

Given this expression, we can clearly see that the symmetric component has

contributions from the detector and source layers. The ratio of these voltages

will be the important quantity for determining ξFMR, which we are now in a

position to calculate. Several terms cancel fortunately so the ratio takes the form

VdS
VdA

=
ω

ωdz

[
τdy
τdz
− α′dsLs(ω2

s0 − ω2)(ω2 + ωdzωsz)
τsz
τdz

]
− ω

ωdz

RAMR
s

RAMR
d

Ls(ω
2
s0 − ω2)(ω2 + ωdzωsz)α

′
sd

(4.28)

=
ω

ωdz

[
τdy
τdz
− Ls(ω2

s0 − ω2)(ω2 + ωdzωsz)
τsz
τdz

(
α′ds +

τdz
τsz

RAMR
s

RAMR
d

α′sd

)]
(4.29)

and thus ξFMR = ηVdS/VdA takes the form

ξFMR = ξDL − ηLs(ω2
s0 − ω2)(ω2 + ωdzωsz)

τsz
τdz

(
α′ds +

τdz
τsz

RAMR
s

RAMR
d

α′sd

)
(4.30)

where η = eµ0Msat,dtstd/~ are the factors needed to convert the voltage ratio into

a charge-to-spin conversion efficiency. We can immediately see that our ξFMR

parameter is the correct dampinglike charge-to-spin conversion efficiency of Py,

ξDL, with an additive contribution due to the dynamic spin pumping. Besides

the coupling parameters α′sd and α′ds, most of the other parameters are functions

of things which we either already know (such as the thicknesses of the layers)
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or are easily measured (such as the effective mangetizations of each layer). The

only term we are not immediately sure abut is the ratio τsz/τdz, which we turn

our attention to now.

We can get a handle on the torque ratio τsz/τdz by considering the origins

of these torques. Since all of our magnetic layers are fairly thick, and since all

interfaces touching the magnetic layers are with the light metal Cu, we can be

fairly confident that the Oersted torques dominate over any interfacial fieldlike

torques due to spin-orbit coupling at the interfaces [28, 40, 49]. The Oersted

torque on layer i is given by τØ,i = γµ0JØ,itØ,i/2 where JØ,i is the current den-

sity in the layer generating the Oersted torque acting on layer i and tØ,i is the

thickness of the layer generating the Oersted torque on layer i. The only con-

tribution to the Oersted field acting on the detector (Co) layer comes from the

source (Py) layer, since the contributions from the Cu layers cancel as we dis-

cussed above. So, τdz = γµ0Jsts/2 is the Oersted torque acting on the detector

layer. For the source layer, the current flowing in both of the Cu layers as well

as the Co layer cause Oersted fields which combine constructively inside of the

Py layer, so the correct expression for the Oersted torque on the source layer is

τsz = γµ0(Jdtd +JCutCu)/2. To find the ratio of these quantities, we make the fol-

lowing observations. For any layer, Jiti is just the current flowing in that layer

divided by the width of the layer, but in our heterostructure the width of all

layers is the same. Furthermore, the term Jdtd + JCutCu can be thought of as the

current which is not flowing in the source layer since the conductive layers of

our device are just the Py, Cu and Co layers. So, if we call xs the fraction of the

total current in the device which is flowing through the source (Py) layer, then

we can write Jsts = Ixs/W where I is the total current in the device and W is

the device width, and Jdtd + JCutCu = I(1− xs)/W . This means that the ratio of
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these two torques takes a relatively simple form:

τsz
τdz

= −1− xs
xs

(4.31)

since all other factors are equal in the two. The negative sign in this expression

comes from the fact that the Oersted fields in the detector and source layers

are pointed in opposite directions, as we can see in Figure 4.1 So, this torque

ratio can be calculated by finding the fraction of current flowing inside of the

source (Py) layer, which we can accomplish by measuring the resistance of the

heterostructure as a function of the Py layer thickness assuming a parallel con-

duction model, as we show in Section 4.4.2.

Now that we have a handle on the torque ratio, we know that we can mea-

sure most of the factors in Eq. 4.30 directly, and will only have a few free pa-

rameters. We can then write our expression for ξFMR as

ξFMR = ξDL +R(ω)α′eff (4.32)

where

R(ω) =
eµ0Msat,dtstd

~
Ls(ω

2
s0 − ω2)(ω2 + ωdzωsz)

1− xs
xs

(4.33)

α′eff = αds′ −
xs

1− xs
RAMR
s

RAMR
d

α′sd. (4.34)

All of the terms in R(ω) are either known or are easily independently measur-

able functions of frequency, leaving the only ξDL and α′eff as free parameters in

4.32. Luckily for us, our model predicts that ξFMR is simply a linear function

of R(ω). We can experimentally vary R(ω) by doing measurements at several
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frequencies at which point the intercept of the ξFMR—R(ω) relationship, which

corresponds to the infinite-frequency limit R(∞) = 0, is the true dampinglike

torque and the slope the effective coupling constant α′eff . We calculate R(ω) at

the various frequencies we measure and plot ξFMR against it in Figure 4.3(b), as

well as a fit line to our data points. Figure 4.3(a) includes the corresponding fit

function as a function of frequency instead of R(ω), from which we can discern

that the frequency dependence of ξFMR we noted above is well-captured by our

model, and from which it is more apparent that the in infinite-frequency limit

of ξFMR asymptotes to ξDL.

We have repeated this measurement for several different samples at various

source (Py) layer thicknesses from 5-12 nm. The results we get for ξDL and α′eff

are shown in Figure 4.3 (c) and (d), respectively. We can see that the nonreori-

entable component of the dampinglike charge-to-spin conversion efficiency of

Py is thickness independent, within uncertainty, and is ξDL = 4 ± 1%. We note,

however, that this should only be considered a lower limit on ξDL, as the spin

current needed to travel through 8 nm of Cu, and traverse two interfaces, in

going from the Py to the Co layer through which there are certainly losses that

we have not accounted for.

In contrast, we do see that the effective coupling constant α′eff does have a sig-

nificant thickness dependence which is a testament to the fact that the dynamic

spin pumping in both directions α′sd and α′ds are both important in this system.

We expect that the effective AMR resistances of both layers as well as the current

shunting ratio xs all contribute to the thickness dependence we observe. While

it is in principle possible to model this thickness dependence and extract the

two coupling constants directly through measurements of the current shunting
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and magnetoresistances, we have run into some obstacles to getting an accurate

measurement of the AMR in the full heterostructure. We can measure the AMR

of Co and Py individually by growing heterostructures with only one magnetic

layer, and we can in principle combine these measurements using the current

shunting ratios to find the expected AMR of the whole heterostructure. How-

ever, when we do this we find that the AMR of the full trilayer is significantly

different from what we calculate. We believe that this extra contribution is likely

due to spin Hall magnetoresistance which would only show up in the full tri-

layer heterostructure, but to get an accurate measurement of this contribution

to the magnetoresistance we would need to have independent control over the

two magnetizations which we cannot do in the present structure since the co-

ercive fields of the two layers are so small. Nonetheless, we still have a decent

measurement of the order of magnitude of these coupling constants and this

does not affect our measurements of the charge-to-spin conversion efficiency.

In summary, we have found that the dynamic, or AC, component of the

pumped spin current between two magnetic layers in a trilayer heterostructure

can create significant torques on the magnetic layers which are not accounted

for in the usual lineshape STFMR analysis. We developed a physical model for

how these torques affect the dynamics of the layers and how to account for it

by tracking the frequency dependence of the lineshapes. In the high frequency

limit, when the resonances of the two layers are completely separated, there is

negligible contribution from the dynamic spin pumping so extrapolating to this

limit allows us to make accurate measurements of the nonreorientable compo-

nent of the charge-to-spin conversion efficiency in Py, which we found to be

ξDL = 4± 1%.
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4.4 Supplemental Measurements

Here we describe some of the supporting measurements and calculations

needed for the measurements described above.

4.4.1 Hysteresis Loops

We mentioned above that there were other possible forms of coupling between

the layers than just dynamic spin pumping. The other major possibility was

some form of bilinear exchange coupling as described in Section 3.3. To test

whether this was significant in our samples, we conducted in-plane vibrating

sample magnetometry (VSM) measurements. These measurements consist of

sweeping a magnetic field hysteretically while measuring the component of the

magnetization of the sample parallel or antiparallel to the applied field by vi-

brating the sample and measuring the current generated by Faraday’s law in

a pickup coil. The idea of these measurements is that since the Co and Py in

our heterostructure have different coercive fields, we can apply a large field to

set the orientation of both layers in one direction, and then sweep the field at

a value above the lower coercivity but below the higher coercivity, thus only

switching the lower coercivity magnet. We repeat this “minor hysteresis loop”

measurement for both positive and negative saturation fields, meaning for op-

posite orientations of the higher-coercivity magnet. We can measure the bilinear

coupling strength by looking at the difference in the centers of the minor hys-

teresis loops, since this coupling would appear as an extra magnetic field acting

upon the lower coercivity magnet pointing in the direction of the higher coer-

civity magnet.
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Figure 4.4: (a) The full hysteresis curve with the two minor loops superimposed
for the 6.7 nm Py sample. The vertical lines indicate the center of the minor
hysteresis loops. (b) The minor hysteresis loops superimposed. The centers of
the minor loops are 2 Oe apart, indicating that there is not significant bilinear
coupling.

We show the measured hysteresis loops for a sample with 6.7 nm Py in Fig-

ure 4.4. The full hysteresis loop, sweeping the field above the coercive field of

both layers, is shown in the gray of Figure 4.4(a), and the positive and negative

saturation minor loops are superimposed with vertical lines representing the

centers of the loops in the corresponding color. We can immediately see that

there is a step in the full hysteresis loop due to the different switching fields of

the two layers. In panel (b) of this figure we have removed the vertical offset

between the minor loops to more directly compare, allowing us to see that while

there is a small shift in the loop centers, it is only 2 Oe and hence is negligible

compared with the other effects in our system. We have checked the coupling

for the heterostructures with other Py thicknesses, and they all show approxi-

mately the same effect size.
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4.4.2 Resistance and Current Splitting Measurements

To measure the current splitting in our device, it will be necessary to have a good

measurement of the resistance of the magnetic layers in our heterostructure. We

can measure the resistivity of each layer by measuring the resistance of a set of

devices where we vary the thickness of the layer of interest. In particular, to

minimize the effects of current shunting, we utilized a separate series of devices

with the structure Ta (1) / Cu (3) / FM (tFM) / Ta (1). In a parallel conduction

model, which assumes that each layer is an independent resistor all connected

in parallel, it is relatively simple to see how this works if we think in terms

of conductance G, since for parallel resistors it is conductance which combines

additively. We know that the conductivity of a layer is given by Gi = ati/ρi

where a is the lateral aspect ratio, defined as the ratio of the device width to

length (which is the same for all layers), ti is the thickness of the layer and ρi is

the resistivity of the layer. If we vary the thickness of a single layer i, we would

expect the sheet conductance, GS = G/a, to vary as

GS = G0 +Gi = G0 +
ti
ρi

(4.35)

where G0 is the sheet conductance of all of the other layers. We can see that the

sheet conductance should be a simple linear function of the layer thickness in

this model, but we have found that measuring the conductivity this way led to

absurd values of the resistivity of the Py and Co compared to literature values.

Because of this discrepancy, we included a slightly more complex model for

the resistivity which accounts for the fact that the thickness of our layers are on

the same order as the mean free path, meaning that the electrons scattered at
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Figure 4.5: Conductance of (a) Co and (b) Py devices with a fit to the Fuchs-
Sondheimer model to determine the resistivity of each layer.

the interface can have as large an effect on the conductivity as the bulk effects.

These effects are captured in the Fuchs-Sondheimer model [76] which relates

the thickness dependent thin-film resistivity ρF (t) to the bulk resistivity ρB as

ρF (t) =
ρB

F (t/λ, p)
(4.36)

F (t/λ, p) = 1− 3

2t/λ
(1− p)

∫ 1

0

(`− `3)
1− exp

(
− t/λ

`

)
1− p exp

(
− t/λ

`

) d` (4.37)

where t is the film thickness, λ is the electrical mean-free path and p is the re-

flection coefficient at the film surface. We can replace ρi with ρF,i(ti) in Eq. 4.35,

which gives the additional thickness dependence which was not captured in the

simple model. We fit our sheet conductance data to this model with the results

shown in 4.5. Using literature values for the electron mean free paths of Co

and Ni (which we took as an approximation to Py) [18], we were able to use

these fits to make an accurate measurement of the bulk resistivities of Co and

Py. We found the bulk resistivity of Co to be 16.2± 0.2 µΩ-cm and that of Py to

be 24.9± 0.4 µΩ-cm.
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Figure 4.6: Source (Py) layer thickness dependence of the fraction of current
flowing through it, xs.

With these measurements, we can now calculate the fraction of current flow-

ing through the Py source layer xs. To do this, we will use the parameters found

from the above fits to find the conductance of the Py layer, measure the conduc-

tivity of the entire device, and then use the relation

xi =
Ii
Itot

=
Gi

Gtot

(4.38)

to find the current fraction flowing through the source layer. This parameter

is, of course, thickness dependence, and the variation with Py layer thickness

is shown in Figure 4.6, from which we can see that the current shunt ratio is

indeed between 5-13% among the range of thicknesses investigated here.
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4.4.3 Magnetoresistance Measurements

The anisotropic magnetoresistance and spin Hall magnetoresistance are the pri-

mary magnetoresistances giving rise to the resistance oscillations which lead to

the mixing voltages we measure, so having an accurate measurement of them

helps us measure with more precision, particularly in the case of α′eff as seen

in Eq. 4.34. To measure this quantity, we have used the same heterostructures

containing only a single magnetic layer which we used in the current shunting

measurements. In one measurement, we apply a constant current and a field

larger than the coercive field and sweep the angle between the field and cur-

rent, measuring how the resistance of the entire device changes as a function

of the field angle. We would like to find the resistance change of just the mag-

netic layer, so we impose a parallel resistor model and assume that the AMR

resistance change is small compared to the total resistance of the device. We

define Rtot(φ) as the total device resistance as a function of field angle φ, RNM

the resistance of the nonmagnetic layers, and RFM(φ) = R0 + RAMR,0 cos2 φ the

total ferromagnet resistance with R0 the base resistance and RAMR,0 the AMR

resistance. Utilizing the assumption that RAMR,0 � R0, we expand to find that

1

Rtot(φ)
=

1

RNM

+
1

RFM(φ)
(4.39)

=
1

RNM

+
1

R0

1

1 +RAMR,0/R0 cos2 φ
(4.40)

1

Rtot(φ)
≈ 1

RNM

+
1

R0

− RAMR,0

R2
0

cos2 φ (4.41)

which allows us to fit our resistance as a function of field angle to find the de-

sired quantity RAMR,0. We show fits to data collected from one sample with 10

nm Py and another with 8 nm Co in Figure 4.7.
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Figure 4.7: Device conductance as a function of field angle for a device with (a)
10 nm Py and (b) 8 nm Co.

We have done the same measurement but using the full trilayer structure

with tPy = 10nm. Using the quantities we found from fitting the single mag-

netic layer heterostructures above, we expect the conductance of this device to

vary by 75 µS due to AMR, using a simple sum of the contributions from each

of the layers. However, the variation we measure is only 23 µS, which is less

than one third of what we expect. We believe this discrepancy is due to an-

other magnetoresistance with a different sign, in particular we think that the

spin Hall magnetoresistance (SMR) is the most likely culprit since it would only

exist when both magnetic layers are present. To measure the SMR indepen-

dently of the AMR, we would need to change the relative orientation of the

magnetic layers, meaning constructing a heterostructure where one magnetic

layer is pinned. This is difficult, however, and only affects the separation of the

two dynamic spin pumping coupling constants which were not the main focus

of this investigation. Therefore, we leave this as an open challenge for a future

generation.
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4.4.4 DC Spin Pumping Contribution

There is one other potential source of the frequency dependence of ξFMR which

we haven’t discussed yet, and that is the effects of DC spin pumping combined

with the inverse spin Hall effect which we described in Section 3.2.1. This also

scales with the resonance amplitude, and hence we would expect a decaying

signal with increasing frequency from this effect as well. To see if this could

possibly give rise to, or account for a significant portion of, the effect which we

observed, we will use the expression for the DC spin-pumped signal

V DC
SP = −2e

~
θSHRtotW sinφ

~
4π
g↑↓effλSD,s

[
ωdyτ

2
dy + ωdzτ

2
dz

(αdω
+
d )2

LdS(B)

]
tanh

(
ts

2λSD,s

)
(4.42)

taken from [31], where Rtot is the total device resistance, W is the width of the

device, λSD,s is the spin diffusion length of the source layer, and LdS(B) is the

symmetric Lorentzian lineshape. We can either measure or reasonably estimate

all of these quantities. For the ts = 5.7 nm Py sample with Rtot = 12.1 Ω, W =

20 µm, αd = 0.014, and θSH ≈ 0.05. We approximate g↑↓eff ≈ 8 nm−2 [80] and

λSD,s ≈ 10 nm [8] from previous reports on similar materials. We approximate

that 1.5 mA of RF current is flowing through our device after accounting for

current shunting and reflection in the RF lines, leading to τdy ≈ 4× 106 s−1 and

τdz ≈ 8 × 106 s−1. The natural frequencies ωdy, ωdz and ω+
d , all evaluated at the

Co resonant field and hence depend on frequency, are on the order of 10 GHz,

300 GHz and 300 GHz, respectively.

We can directly compare this voltage to ξFMR by taking the ratio of the calcu-

lated V DC
SP with the measured VA and including the factors needed to convert this
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Figure 4.8: Comparison of the DC spin-pumping contribution to ξFMR to the
experimentally measured value for the 5.7 nm Py sample. We can see that this
contribution is so small as to be negligible.

into a charge-to-spin conversion efficiency. We do this comparison in Figure 4.8,

where it is clear that this contribution is negligibly small when compared with

both the signal due to dynamic spin pumping and the extracted charge-to-spin

conversion efficiency. We find that for all frequencies and thicknesses the DC

spin pumping contribution never accounts for more than 5% of the ξFMR sig-

nal at the thickest Py layers and highest frequencies, with typical values falling

closer to 1%. We are therefore justified in ignoring this in our analysis.
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CHAPTER 5

TILTED MAGNETIZATION

We have talked about generating and measuring a nonreorientable,

magnetization-independent spin current in a ferromagnet in the previous chap-

ter, but the more technologically relevant spin current generated by a ferromag-

net would be one which is controllable by the magnetization. As we mentioned

in Section 2.2, one of the major reorientable, magnetization-dependent com-

ponents of the spin current generated by a ferromagnet comes from the spin

anomalous Hall effect (SAHE) which flows in the m × j direction and is polar-

ized in the m direction. Taking the coordinate systems used above, to get a spin

current flowing in the Ẑ direction with a component of its polarization in the

Ẑ direction, we need the magnetization to lie in the Ŷ − Ẑ plane. To maximize

the amount of Ẑ polarized spin flowing in the Ẑ direction, we need the magne-

tization of the source layer to be m = (±Ŷ ± Ẑ)/
√

2. However, as we discussed

in Section 2.1, for the anisotropies usually found in a thin-film ferromagnet,

the only stable magnetization directions are in the film plane and directly per-

pendicular to the film plane—neither of which are conducive to generating the

spin currents we seek. For this reason, we will investigate how to engineer the

anisotropy so that the equilibrium direction of the magnetization is tilted in the

Ŷ − Ẑ plane.

To accomplish this tilted magnetization orientation requires adding an ex-

tra term to the anisotropy in our magnetic system, and in this chapter we will

discuss three possibilities we have investigated to try to make this a reality.

The first will be adding a second-order out-of-plane anisotropy, leading to

the so-called “easy-cone” magnetic state. The second will be utilizing the bilin-
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ear exchange interaction between in-plane and out-of-plane magnetized layers,

where the exchange leads to an effective anisotropy, tilting the magnetizations.

Finally we will discuss the possibility of using crystalline anisotropy, where the

magnetization has a lower energy when pointing along a particular crystal axis.

In the following sections we will discuss how each of these interactions can give

rise to a tilted magnetic layer, what we have tried to realize these interactions in

our lab, and the advantages and disadvantages of each approach.

5.1 Second-Order Anisotropy

We can generate a tilted magnetic layer by introducing an additional level

of anisotropy along the Ẑ-axis. This second order anisotropy takes the form

K2(m · Ẑ)4 and, although this does not seem as if it would break any additional

symmetry in the polar direction, when carefully combined with the first order

anisotropy it can indeed result in an overall effect which causes the equilibrium

magnetization orientation to tilt away from both the Ẑ axis and the X̂− Ŷ plane.

To see this, we will begin with an expression for the magnetic energy in the ab-

sence of external fields, including first and second order uniaxial anisotropy in

the Ẑ direction and demagnetization effects

E =
1

2
µ0M

2
sm

2
z −K1m

2
z −K2m

4
z

F ≡ E

Ms

=
1

2
µ0Msm

2
z −

K1

Ms

m2
z −

K2

Ms

m4
z

F = −B1e

2
m2
z −

B2

4
m4
z (5.1)

where we have defined B1e ≡ µ0Ms− 2K1/Ms and B2 = 4K2/Ms as the effective

fields associated with each anisotropy term. Note that the definitions for these
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quantities in the literature vary, with some authors using (1−mz) instead of mz

in the anisotropy expressions as well as differences in factors of two and signs.

We use the definitions above since they lead to clearer expressions down the line

and seem to correspond well to the physical intuition that a positive anisotropy

makes the magnetization tend to point along the anisotropy axis. We will now

show how we can get a tilted magnetization from this energy expression.

To find the equilibrium magnetization orientation, we simply need to mini-

mize the energy. Taking the first two derivatives, we find that

∂F

∂mz

= −mz(B1e +B2m
2
z) (5.2)

∂2F

∂m2
z

= −B1e − 3B2m
2
z. (5.3)

We know that the stationary points appear when ∂F/∂mz = 0 and these are

stable when ∂2F/∂m2
z > 0. The first condition tells us that stationary points

appear when mz = 0,±
√
−B1e/B2. The mz = 0 point will be stable whenever

B1e < 0 regardless of B2. Putting mz = ±
√
−B1e/B2 into the second derivative

equation, we find that ∂2F/∂m2
z = −B1e + 3B1e = 2B1e so this is stable when

B1e > 0. However we need to remember that mz cannot take any value. It is

restricted to the range mz ∈ [−1, 1], meaning that we must have 0 ≤ −B1e/B2 ≤

1. This implies that the state will only exist and be stable when 0 ≤ B1e ≤

−B2. This is precisely the easy-cone state we sought, since the magnetization

is neither completely in-plane or out-of-plane. The angle this makes with the Ẑ

axis can be found by noting that mz = cos θ, so the “cone angle” is

θc = cos−1

√
−B1e

B2

. (5.4)

95



Figure 5.1: Phase diagram of the equilibrium orientation of a thin-film magnetic
system with first and second order out-of-plane anisotropy. The easy-cone re-
gion, where the equilibrium direction of the magnetization is tilted out-of-plane
is in yellow in the bottom right, with the cone angle given by Eq. 5.4.

We call this the easy-cone state since, in the absence of any in-plane anisotropy,

there is no preference for the in-plane azimuthal angle φ, so the magnetization

will lie anywhere on a cone with angle θc.

While the above is all correct, we are still missing a large part of the phase

diagram where B1e > 0 and B1e ≥ −B2. It seems like our analysis has failed us,

but that is only because we did not take into account the fact that mz ∈ [−1, 1]

when finding the stationary points. We could do this by using polar coordinates

where mz = cos θ and going through the same process, and doing so what we

find is that wheneverB1e ≥ −B2, the out-of-plane orientation is stable, including

when B1e < 0. This means that in the region B1e < 0 where the condition

B1e ≥ −B2, both the in-plane and out-of-plane orientations are stable. We show

the phase diagram in Figure 5.1.

We now know that it is possible to achieve this easy-cone state by bal-

ancing the first and second order out-of-plane anisotropies, and that the rel-
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ative strength of these anisotropies will set the cone angle. The next prob-

lem we face is how to create a heterostructure where the magnetic layer has

the desired anisotropy constants. The main trouble is that the second order

anisotropy is generally quite weak, making the first-order anisotropy dominant

in most cases. There is not an extensive literature investigating the second or-

der anisotropy, but there are a few reports. The easy-cone state has been cre-

ated in CoFeB/MgO heterostructures [61, 69], Pt/Co multilayers [17, 67] and

Pt/Co/MgO heterostructures [21, 33]. The most comprehensive material re-

view we are aware of is [21], where Co was interfaced with several different

transition metals and the first and second order anisotropy constants measured.

The relevant message for us is that the Pt/Co/MgO interface seemed to result

in the largest second order anisotropy constants. This result, along with the tun-

ability shown in [67], led us to the conclusion that the Pt/Co multilayer system

seemed like the most promising to investigate initially.

To measure the anisotropy of our samples we decided to use a ferromagnetic

resonance-based approach. Deriving the resonance condition for a magnet with

first and second order anisotropy is quite involved, so we relegate the derivation

to Appendix B.2, and will just use the result, also derived in [16], which states

that

(
ω

γ

)2

=
[
Bz +B1e cos2 θ +B2 cos4 θ

] [
Bz +

(
B1e +

B2

2

)
cos 2θ +

B2

2
cos 4θ

]
(5.5)

where θ is the equilibrium polar angle of the magnetization,Bz = Bext cos(θ−θB)

and θB is the polar angle of the external applied magnetic field. To utilize Eq.

5.5, there are two types of measurements which we could possibly do.
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Our first option is an FMR experiment where we sweep the field at a fixed

frequency, and repeat this measurement at several different θB’s. Doing this, we

could measure the resonant field as a function of angle and fit this relationship

to Eq. 5.5. The part that makes this difficult is that it is θ, the angle of the mag-

netization, not θB which appears in that equation, so to find this we would need

to do an energy minimization step to find θ, since for an arbitrary field we end

up with a set of transcendental equations which are impossible to solve analyti-

cally. However, this requires us to know what the anisotropy fields are, leading

us to a circular problem: we need the equilibrium angle to fit for the anisotropy

constants, but we need the anisotropy constants to calculate the equilibrium an-

gle. This can possibly be solved by doing an iterative fitting procedure, starting

with some guess for the anisotropy constants, calculate the equilibrium angle, fit

for the anisotropy constants and repeat this process until we reach consistency,

but this is prone to instability and failure. We can get some qualitative idea of

the energy by noting that generally the lowest resonance field will occur when

the field is applied along the easy axis, meaning the direction the magnetization

would point in the absence of an external field, but we unfortunately cannot be

quantitative with this. The other hope we have is that the anisotropy constants

are relatively small so that at the fields we assume θB ≈ θ which simplifies the

procedure greatly.

Instead of applying fields at a set of different angles at the same frequency,

we can apply fields only along θB = 0◦, 90◦ and do this for several different
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frequencies. Taking these limits greatly simplifies Eq. 5.5, leaving us with

θ = 0◦ :

(
ω

γ

)2

= [B +B1e +B2]2 (5.6)

θ = 90◦ :

(
ω

γ

)2

= B [B +B1e] . (5.7)

These are the same functional forms that we usually have for out-of-plane FMR,

θ = 0, and in-plane FMR, θ = 90, but with different anisotropy fields (which

are what we have called effective magnetizations elsewhere). If we do this ex-

periment and fit to the general functional form ω = p1[B + p2] for θ = 0 and

ω =
√
q1B[B + q2] for θ = 90, then we know that B1e = q2 and B2 = p2 − q2. It

also seems that fitting to these functions should be more stable than the complex

expression in 5.5. However, in [60] the authors showed that the gyromagnetic

ratios (γ’s) which appear in Eqs. 5.6 and 5.7 can actually also be different, and

this difference is related to the difference in the orbital moment in the magnets

which can relate to the magnetic anisotropy energy. Although we are not trying

to measure this specifically, it can make the measurements finicky since this in-

troduces another free parameter in our fits which can have a significant effect on

the final anisotropy field values we measure. In the end, we will need to survey

our options and see which we trust more.

In an attempt to create a magnetic layer in the easy-cone state, we have fab-

ricated a series of similar devices which we describe in Table 5.1. All of the

samples are variations on a Co / Pt multilayer, with some having an added Ni

layer. The samples were grown via sputter deposition at room temperature in an

AJA sputter system on thermally oxidized Si wafers and had Ta smoothing and

capping layers. To measure the anisotropy constants of the devices we cleaved

them into small rectangular chips and utilized a flip-chip FMR measurement
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Name Composition

A [Co 10 / Pt 10]8

B [Co 5 / Ni 3 / Co 5 / Pt 10]8

C [Co 6 / Ni 3 / Co 6 / Pt 10]8

D [Co 6 / Ni 3 / Co 6 / Pt 7]8

Table 5.1: Multilayer heterostructures grown to create easy-cone magnets.
Numbers are layer thicknesses in Angstroms. Subscripts denote times the mul-
tilayer is repeated. All samples have a 2 nm Ta smoothing and capping layer.

technique in a setup capable of applying up to a 20 GHz RF excitation and 1 T

magnetic field. The sample holder we used, which holds the waveguide and

sample chip, can rotate in the fixed magnetic field to effectively apply magnetic

fields at different θ’s. The waveguide was oriented so the RF field it generated

always pointed upwards and was perpendicular to the DC applied field, which

is the geometry necessary to read a maximum signal from FMR in ferromagnetic

materials. When the sample rotated, the DC applied field could vary from in the

film plane to perpendicular to the film plane as well as any angle in between,

facilitating the types of FMR measurements described above.

We used this measurement setup to perform both the angle-dependent FMR

measurement scheme and the technique where we compare the in-plane and

out-of-plane effective magnetizations which we described above. Between the

two, we found that the angle dependent FMR technique seemed to perform bet-

ter, which we attribute to the extra degree of freedom afforded to the differing

gyromagnetic ratios in the in-plane/out-of-plane comparison technique making

the measurement of the anisotropy fields poorly constrained. An example of the

variation of the resonant field with respect to the applied field angle (which we

assume is the same as the magnetization angle since the anisotropy is indeed

fairly weak) is shown in Figure 5.2(a), with the data shown in gray and the fit

line in yellow. This was repeated for all of the samples at a few different frequen-
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Figure 5.2: (a) Resonant field as a function of applied field angle for sample B
with a 13 GHz RF excitation frequency. Yellow line is fit to expected functional
form. (b) Best energy profile we could expect given the scale of the energies
seen experimentally, with energy measured in field units (as E/Ms). We can
see that we only have about 100 Oe barrier for the cone state. (c) Measured
first and second order anisotropy field constants for the various heterostructures
considered here, superimposed on the phase diagram. We can see that we only
have out-of-plane magnets, although we are getting close to the transition to the
easy-cone state.

cies, and the first-and second-order anisotropy values are shown on top of the

phase diagram in Figure 5.2(c). As we can see, we were not able to achieve the

easy-cone state, although it does seem like we began to get close. We had also

tried annealing some of the samples at 400 C for 1 hour, but this just resulted in

them becoming decidedly in-plane magnetized with the first order anisotropy

becoming negative and much stronger than the second order anisotropy.

Our energy measurements reveal a fundamental trouble with this method of

creating a tilted magnetic layer for generating spin currents; at present, the only

way to get into the easy-cone state is to make all of the anisotropies quite weak

since no way has been found to make the second order anisotropy sizable. To

get a feel for this, we have plotted the energy landscape as a function of mag-

netization angle for the scale of energies seen in the literature and in this study
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(converted to field units by calculating E/Ms for easy comparison to externally

applied fields) in Figure 5.2(b). In this figure, we can see that the energy minima

is indeed at 30 deg, but the energy barrier between the two states is only about

100 Oe, and the energy barrier for a whole revolution is only 800 Oe—both of

which are fairly weak meaning that these magnets are not robust to the influ-

ence of external fields we need to apply to do measurements; and in the future

magnets with this size of energy barrier would not be robust to thermal fluctua-

tions. This type of system would require significant effort in materials discovery

and engineering to find something with large enough anisotropy constants that

the energy barriers would be large enough to be robust to external fields and

thermal fluctuations. This does not currently seem suitable to us for attempting

to generate out-of-plane polarized spin currents via a tilted ferromagnetic layer.

5.2 Exchange Spring Systems

The idea of an exchange spring system is to have two magnetic layers, one

perpendicularly magnetized and the other in-plane magnetized, which inter-

act with one another through a bilinear exchange interaction which causes the

layers to tilt in-plane. Such a system seems attractive to us since the bilinear

exchange interactions are relatively generic, allowing some amount of freedom

in the selection of the different magnetic layers. Furthermore, the tilt angle is

modifiable by changing the thickness of the layers themselves or by altering the

nonmagnetic spacer layer placed between the two magnetic layers [46, 58]. Un-

fortunately, calculating the magnetic state of such systems can quickly become

quite complicated, largely because previous research has shown that in such

systems it becomes important to consider changes in the magnetic state along
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the thickness of the films [3, 45], since the thickness is generally larger than the

exchange length* in the ferromagnets used. Since we only measure quantities

averaged over the whole sample such as the total magnetization in a particular

direction or the Hall voltage, we must go through a series of laborious calcula-

tions to find how these quantities vary with the microscopic quantities such as

the exchange energy between the layers. Unfortunately this complexity makes

theoretical modeling complicated.

The complexity of modeling these systems means that they are not suitable

for an initial exploration into generating spin currents in a tilted magnetic layer.

We attempted to investigate these systems ourselves using Pt/Co multilayers

for the out-of-plane magnet and Py for the in-plane magnet, with a Pt spacer,

following the general recipe outlined in [46]. However, we found that the be-

havior was generally difficult to understand, and our samples seemed to go

quickly from a largely decoupled state, acting more as only slightly coupled

out-of-plane and in-plane magnets or strongly coupled layers mostly behaving

as out-of-plane magnets. We show data for one weakly coupled and one decou-

pled layer in Figure 5.3. On the left is the out-of-plane hysteresis loop and on

the right is an in-plane tilting measurement where we first apply an out-of-plane

saturating field and then a small in-plane field to tilt the magnetization in-plane,

both measured using a Sagnac interferometer [30] to measure the Kerr rotation

of an incident laser. We can see that one behaves as a completely out-of-plane

layer and the other definitely has some weak coupling, but it just seems to make

the magnet switch in a multi-domain fashion (the hysteresis curve) and have a

small effective exchange field, where the exchange field switches direction as

*This is the length over which you can assume the exchange interaction dominates over
everything else, meaning that the magnetization should be roughly constant on this length scale.
The exchange length is generally defined as

√
2Aex/µ0M2

s where Aex is the exchange energy
[73]. The exchange length is typically on the order of 1 nm.
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Figure 5.3: (a) Out-of-plane hysteresis curves for two exchange spring systems,
one which acts completely decoupled and one which is weakly coupled. The
weakly coupled one seems to mostly behave like an out-of-plane magnet but
with a multi-domain switching regime where different domains switch at dif-
ferent fields, making the transition from one state to another drawn out. (b)
In-plane tilting measurements, where we first apply an out-of-plane saturating
field and then sweep an in-plane field to tilt the magnet. The decoupled mag-
net has the expected parabolic shape, while the weakly coupled one shows a
sharper behavior. We believe that this cusp is due to a weak exchange, with the
in-plane magnet switching orientation, and hence it’s exchange field applied to
the out-of-plane magnet, near zero field. We can think of having two parabolic
curves, one for each orientation of the in-plane layer, but we only see one leg of
one parabola and the other leg of the other parabola, with the intersection point
being the cusp.

the in-plane magnet switches near zero field (the tilting curve). Furthermore, as

we saw in the previous chapter, if we then needed to add a third magnetic layer

to act as a detector any models for the signals coming from this system would

quickly become very complex and difficult to accurately interpret. Therefore,

we believe that although these types of systems do in principle offer a great

array of flexibility in material choice and ability to engineer the interactions be-

tween the layer, a simpler system would be better for a first foray into generation

of an out-of-plane polarized spin current.
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5.3 Crystalline Anisotropy & FePt

The final source of additional anisotropy we will discuss is the crystalline

anisotropy, where a ferromagnetic crystal is generally in a lower energy state

when the magnetization is pointing in some specific direction(s) with respect to

the crystal structure. Our main concern here will be finding a material with a

suitably strong crystalline anisotropy to overcome the demagnetization effects

which tend to make the magnetization point in the film plane, as well as a ma-

terial where we can grow the crystal so that the easy axis of the anisotropy is

between the film plane and normal. In a general cubic system the magnetic en-

ergy would be the same if the magnetization is pointing along any of the three

crystal axes, meaning that there is still a decent amount of degeneracy in the

system, so it would be ideal to find a material with only one easy axis so that we

can have more control over where the magnetization is pointing. It would seem

that the dual requirements of having a large anisotropy to overcome demagne-

tization effects as well as having an effective uniaxial anisotropy would pose a

large burden on the material choice. While this may be true, it turns out that

nature (as found in prior research) has been kind to us in this regard, because a

simple alloy of Fe and Pt turns out to have both of these desired properties, as

described below.

The FePt crystal system has been extensively studied in the literature as an

attractive candidate for various applications of magnetic materials. One of its

most important characteristics is that, in the L10 crystal phase at least, it has a

massive uniaxial anisotropy along its c-axis with an effective strength of 7 T at

room temperature [47]. If deposited at room-temperature with equal stoichio-

metric ratios FePt will tend to grow in its A1 phase, which is a face-centered
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cubic structure where each site is occupied with equal probabilities by Fe or Pt.

However, if it is heated to 500-700 C either during [70] or after [65] deposition

it will transition into the ordered L10 phase which has alternating layers of Fe

and Pt along the c-axis. This transition is accompanied by a slight reduction

in the unit cell length along the c-axis which is evidently enough to create the

massive anisotropy seen in previous reports. For our purposes if we can grow

L10 ordered FePt with the [111] planes normal to the film plane then the c-axis

would be pointing about 30◦ out-of-plane and since the saturation magnetiza-

tion, and hence demagnetization field, is only approximately 1 T in this material

the crystalline anisotropy would dominate and the magnetization would also be

pointing about 30◦ out-of-plane.

The L10 phase of FePt has even been used to generate spin currents via the

spin anomalous Hall effect in measurements by Seki et al. [59], although in

these measurements the c-axis of the FePt was purely in-plane. They used the

DC biased STFMR measurement technique, which is similar to STFMR but with

an additional DC current which generates a spin current from the source layer

which modifies the damping, and hence linewidth, of the detector layer. The au-

thors found the spin anomalous Hall angle of L10 FePt to be 0.25 [59], which is

comparable to the largest values of spin Hall angle seen in heavy metal systems.

This is likely aided by the fact that this material incorporates the heavy metal

Pt which provides more spin-orbit coupling than other ferromagnets which are

composed of mostly lighter transition metals. This further supports the selec-

tion of FePt for this purpose, as long as we can grow it in the [111] orientation.

We made the FePt alloy via co-sputtering of Fe and Pt targets with in-situ

post-deposition annealing at 700 C. We sputtered onto thermally oxidized Si
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wafers and have included 2 nm Ta and 3 nm Pt underlayers which help seed

the [111] crystal orientation which we desire [78]. We calibrated the Fe and Pt

sputter rates at various gun powers, ultimately choosing the ones which led to

the most similar sputter rates to attempt to get equal stoichiometric ratios of Fe

and Pt. Using energy dispersive x-ray spectroscopy (EDX) we measured the fi-

nal composition to be Fe41Pt59. For the annealing step, the layers up to the FePt

layer are sputtered at room temperature and are left loaded in the process cham-

ber of the sputter system under vacuum while the substrate heater is turned on

and left at 700 C for three hours. The sample is then left to cool overnight, after

which any additional layers are sputtered on top. We have also tried having

the heater on during the deposition and sputtering the whole heterostructure,

including any spacer and second magnetic layers, and then annealing in a sepa-

rate vacuum furnace but each of these had their drawbacks. For the heated de-

positions, the XRD measurements of the crystal structure did not have as clear

a [111] peak and had larger auxiliary peaks, which we attribute to the sputter-

ing rates at elevated temperatures being different than what we calibrated at

room-temperature*. For the post-deposition annealing in the vacuum furnace,

the annealing of the adjacent magnetic layers and spacer layer seems to change

the properties of the adjacent magnetic layer ultimately making it unusable for

our measurements.

To verify the crystal phase and orientation of our films, we performed X-ray

diffraction (XRD) measurements on our sputtered films, both with and without

annealing. The [111] XRD peak in both the disordered A1 and ordered L10 phase

are similar, but we expect the peak for the L10 phase to be at a slightly higher 2θ

*We could attempt to calibrate at elevated temperatures, but each trial deposition of Fe or
Pt would take a full day since we would need to wait for the sample to cool in vacuum. Since
we need to find sputtering powers which make the Fe and Pt rates equal, this option would be
very time consuming.
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angle due to the compression along the c-axis accompanying this phase trans-

formation. We show the XRD spectra, focusing on the range near the expected

[111] diffraction peak, in Figure 5.4(a), from which we can see that the annealed

sample does indeed have its [111] peak just above 41.1◦ as expected [77], higher

than the un-annealed sample which indicates that we have gone from the dis-

ordered A1 to the ordered L10 phase via annealing.

We also used XRD to tell if the c-axis pointed in any direction preferentially.

Since this crystal structure is slightly tetragonal, not all crystallites with [111]

crystal orientation are the same, the in-plane projection of the c axis actually

provides a unique direction to define the crystal axes. To measure this, we used

the technique described in [9] where the sample is secured to the XRD stage and

the stage is tilted (called a χ rotation in the XRD context) so that the surface nor-

mal of the film is at 63◦ with respect to the beam plane, so that the c axis would

point in the beam plane and the [001] diffraction peak is accessible in a θ − 2θ

scan. We then set the diffraction angle to what we expect for the [001] peak, and

rotate the sample plate holder about the film normal direction (called a φ rota-

tion in the XRD context). If there is a preferred orientation for the c-axis, then

we would only see a diffraction peak when the c-axis points directly “upwards”

in the diffraction plane. In [9], the authors grew [111]-oriented L10 FePt on top

of single-crystal STO/BFO, causing the c-axis to point in one of three in-plane

directions which they saw in this type of scan. Our samples, grown on amor-

phous or polycrystalline substrates, did not exhibit any preferred orientation for

the c-axis, although we were able to confirm that we had a [001] diffraction peak

by setting the expected θ − 2θ diffraction angle and sweeping the sample stage

tilt χ through the point where the c-axis was expected to intersect the diffraction

plane. For reasons we will discuss below, it would be beneficial for us to have
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Figure 5.4: (a) XRD spectrum of annealed and un-annealed 30 nm FePt films
grown by sputtering, focusing on the [111] diffraction peak. We can see that the
peak of the un-annealed sample is lower than the annealed peak, signifying that
we have indeed transitioned from the A1 to the L10 phase. (b) VSM scans on
an annealed FePt single layer magnet, showing the results for both an in-plane
and out-of-plane field sweep. The reduced signal at remnance for both sweeps,
while both still have significant coercivity, is indicative of a tilted magnetic ori-
entation. The additional steps near zero field for the out-of-plane sweep may be
indicative of pockets of different crystal or composition phases which remain
after our annealing process.

a preferred orientation for the c-axis orientation, but it may not be necessary to

generate a net spin current from the tilted magnetization.

To verify that we have achieved a tilted magnetic state, we use vibrating

sample magnetometry (VSM) to measure the magnetic state. We perform two

types of VSM scans, one where the field is swept in the film plane and we mea-

sure the in-plane component of the magnetic moment; and the other where the

field is swept out-of-plane and we measure the out-of-plane component of the

magnetic moment. The results of both types of scans are shown in Figure 5.4(b).

We can conclude that there is a tilted magnetic state by comparing the values of

both types of scans at their fully saturated values at high fields to the values at

remnance, at zero field. If the stable zero-field state is tilted, then we would ex-

pect to see a reduction in signal at remnance for both in-plane and out-of-plane

sweeps, since in each type of sweep we only measure the corresponding compo-
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nent of the overall magnetization. We do indeed see this reduction in remnance

in both scans. Furthermore, we can measure the angle of this tilt using either

type of scan by comparing the value at remnance Mr to the saturated value Ms,

and noting e.g. for the out-of-plane scan that sin θm = Mr/Ms. Doing this for

both scan directions, we find that they mostly agree and show a magnetization

angle of approximately 31◦ measured with respect to the film plane. Further-

more, the fact that we see a signal with a significant coercivity in both directions

means that we can stabilize a net tilted magnetic moment even though there is

no net preferred orientation for the c-axis of this crystal structure. We believe

that this occurs because the domains with orientations significantly misaligned

with the external field remain in a demagnetized state, with equal portions of

them pointing in opposite directions leaving a net magnetization in one direc-

tion. From these VSM scans, we can be sure that we do indeed have a net mag-

netic moment in a tilted direction.

After confirming that we have the tilted magnetic state, we began growing

heterostructures consisting of FePt along with a spacer layer and a second mag-

netic layer to act as a detector layer. For spacer layers we have used both Cu and

Ti due to their relatively long spin diffusion lengths and for a detector magnetic

layer we use Co20Fe60B20 (CoFeB) due to its low damping and large anomalous

Hall effect. The main work we need to do in this arena is to make sure that the

second magnetic layer’s properties are not disturbed by the presence of the FePt

or any of the annealing steps which we need to form the L10 phase. We have

mentioned above that if the sample is annealed after sputtering the CoFeB layer,

the sample’s properties are ruined. In particular, we were no longer able to see

an FMR resonance from the CoFeB, or read a significant magnetoresistance sig-

nal.
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Figure 5.5: Ferromagnetic resonance spectra of FePt (20) / Cu (4) / CoFeB (4)
with the FePt as-deposited (top) or annealed at 700 C for three hours (bottom).
Note that in both cases the Cu and CoFeB layers were deposited at room tem-
perature after the annealing step and were never heated. In the as-deposited
sample we see two resonances, one from the low anisotropy A1 phase of FePt
and the other from CoFeB. We only see one large linewidth resonance in the an-
nealed sample which is likely from the CoFeB, but is disturbed by the annealed
FePt.

The in-situ annealing method, where the spacer layer and CoFeB are only

sputtered after the FePt has been annealed, fixed this problem to an extent. Un-

fortunately we still find that the resonance of the CoFeB layer is modified even

in the heterostructures where only the FePt is annealed, as is shown in Figure

5.5. Both spectra come from samples of the form Ta 2 / Pt 3 / FePt 20 / Cu 4

/ CoFeB 4 where the numbers represent thicknesses in nm, but in one sample

there was no annealing at all and in the other the Ta, Pt and FePt layers were

annealed at 700 C for three hours and the Cu and CoFeB layers deposited af-

ter the sample had cooled. We can clearly see two resonances in the sample
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with no annealing, one coming from the low anisotropy A1 phase of FePt and

the other coming from the CoFeB, which we know from comparing it to an-

other film without any FePt. In the one where the FePt was annealed into its

L10 phase, we see another resonance at about the same resonant field but with

a much larger anisotropy and a much lower amplitude (this is not evident in

the figure since the two resonances have been re-scaled to facilitate compari-

son). We have not found the precise reason for this modification of the CoFeB

resonance, but it is possible that the increased roughness of the FePt layer leads

to greater dipole coupling of it with the FePt layer. The RMS roughness of the

entire heterostructure does increase from about 0.3 to 1.5 nm after annealing,

which we know from doing large area atomic force microscopy (AFM) on the

annealed and as-deposited samples. However, it does seem somewhat unlikely

that this still somewhat modest surface roughness would be enough to make

considerable coupling between the layers. Also, it seems likely that if this were

the culprit the resonance of the CoFeB would also be shifted by some amount

due to the coupling field from the FePt, and it doesn’t seem to have shifted

much. In any case, this can be investigated further by making samples with

very thick spacer layers or spacer layers that do a better job of smoothing the

roughness of the annealed FePt. Further work still needs to be done to find the

right materials combination which could make this work.

5.4 Looking Forward

This is all of the experimental work which we have done to date on the FePt sys-

tem, so we now conclude with some forward-looking remarks as to what needs

to be done in the future. As we already mentioned, we need to find some ma-
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terials combination which allows the detector layer to be measured accurately.

What exactly this entails depends on the type of measurement we end up do-

ing. We have a much larger range of available measurements to us because of

the strong anisotropy of the FePt; the anisotropy is so large that it should not be

significantly affected by the fields we apply in the course of a normal measure-

ment and should not have much dynamics, so the FePt layer should generally

not contribute to the signals we measure in any of the usual measurement tech-

niques we might use. We could do STFMR measurements as we have done

before, but we would likely not need to account for dynamic spin pumping

since the FePt layer would not have significant dynamics. We could also do DC

measurements such as second harmonic Hall measurements [22] which were

precluded in other trilayer measurements since it would be almost impossible

to disentangle the signal from the two layers. In any case, future researchers

would need to take care to measure any potential bilinear coupling between the

FePt and the detector layer as this could indeed have a noticeable affect on the

measurements.

The last possible difficulty is the fact that there is not a preferred orientation

for the c-axis in our current films. Ideally, we would have a single crystal of L10

FePt, allowing us to be certain that the magnetization is pointing in a particular

direction. If there are many small crystal domains that have the magnetization

pointing in various directions, then we would actually expect the spin current

from the spin anomalous Hall effect from all of these domains to cancel out,

meaning that we would not have a measurable effect. As we mentioned in the

analysis of the VSM data, it does seem like we can go into a state where the

average magnetization is pointed in a particular direction by applying a field

larger than about 2 T, so if we apply a large initialization field along the direc-
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tion which we want the magnetization to point, then during our measurements

we can probably be confident that there will be a noticeable net spin current

from the ASHE. If this does end up being a problem, then it would be prudent

to investigate crystalline substrates. Previous authors have shown that growing

FePt on [111] oriented single crystal STO/BFO can make the c-axis point along

one of the primary axes of the cubic STO substrate, so perhaps considering such

single crystal substrates could help solve this problem. From looking at some

common options, MgO and LSAT seem like they might also be good candi-

dates for single crystal substrates which are widely commercially available. In

any case, we hope to see progress made in this tilted FePt system to show the

first generation of an out-of-plane polarized spin current generated via the spin

anomalous Hall effect.
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APPENDIX A

BILINEAR EXCHANGE COUPLING IN STFMR

We briefly discuss how bilinear exchange coupling between two magnetic

layers would manifest in an STFMR measurement. This type of coupling adds

a term to the total magnetic energy of the form

Eex = −Jexms ·md (A.1)

where Jex is the energy density associated with the coupling. We can calculate

the effective torque on the detector layer in the same way we did for the DC

torques in Eq. 3.2:

Bex,d = − 1

Msat,d

∂Eex

∂md

=
Jex

Msat,d

ms (A.2)

τ ex,d = −γmd ×Bex,d = −ωex,dmd ×ms (A.3)

where we have defined ωex,d = γJex/Mex,d. Using the same approximations as

we used for the STFMR derivation, namely mix = 1 and only keeping to first

order in the magnetization deflections, we can evaluate the cross product as

md ×ms =


0

mdz −msz

msy −mdy

 . (A.4)
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The bilinear exchange coupling torque can then be split into two pieces

τ ex,d = ωex,d

−mdz

mdy

+ ωex,d

 msz

−msy

 . (A.5)

We can see the effect of the first part of this by comparing to Eq. 3.7, where

we see that this will adjust the natural frequencies as ωdz → ωdz + ωex,d and

ωdy → ωdy + ωex,d. This reflects the fact that the resonant frequency is shifted

due to the effective coupling field from the equilibrium part of the source layer.

The second component is the term which actually couples the dynamics of the

two layers, which we can handle using the same approximation that we used

for dealing with the dynamic spin pumping:

 msz

−msy

 =

0 −1

1 0


msy

msz

 =

0 −1

1 0

χs
τsy
τsz

 . (A.6)

We can directly compare this to Eq. 4.6, where we can see that this is actually

entering in the same way that the dynamic spin pumping is. So, we can model

this the same way we did the dynamic spin pumping, but with a coupling co-

efficient ωex,d + iωα′ds. We will leave the ramifications of this coupling constant

being real instead of imaginary to the interested reader.
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APPENDIX B

MORE COMPLEX ANISOTROPIES

B.1 FMR With In-Plane Anisotropy

In the presence of anisotropy, the expression for the resonance field as a function

of frequency becomes more complex and will depend upon the direction which

the field is being applied. Instead of re-doing the computation we carried out

in Section 3.1 but including further anisotropy terms, we can utilize the work of

previous theorists to get at the point more directly. Given an arbitrary magnetic

free energy, there are two ways to find how the resonance frequency will change

as a function of the field: extend Kittel’s original derivation using an effective

demagnetization tensor [20] or use the Smit-Beljers-Suhl equation. Here, we

will focus on an additional in-plane magnetic anisotropy for which the Smit-

Beljers-Suhl formula will prove to be convenient. We will take a free energy of

the form
F

Ms

= −m ·Bext +
1

2
µ0Meffm

2
z −

1

2

(
2Ku

Ms

)
︸ ︷︷ ︸

Bu

(m · û)2 (B.1)

whereKu is the anisotropy volume energy density, and we define the anisotropy

field Bu ≡ 2Ku/Ms which will be useful later. We will also assume that Meff > 0,

i.e. that the system has in-plane magnetic anisotropy, and that û and the external

field all lie in the film plane.

To use the Smit-Beljers-Suhl formula, we need to write this energy in polar
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coordinates. This is because the equation takes the form [32]

ω

γ
=

1

sin θ0

√√√√ ∂2F/Ms

∂θ2

∣∣∣∣
eq

∂2F/Ms

∂φ2

∣∣∣∣
eq

−

(
∂F/Ms

∂φ∂θ

∣∣∣∣
eq

)2

(B.2)

where all of the partial derivatives are evaluated at the equilibrium orientation

of the magnetization for the specific applied field, and θ0 is the polar angle of the

equilibrium magnetization. We will use the device-frame coordinates and will

use θ, φ for the polar and azimuthal angles of the magnetization m, φB for the

azimuthal angle of the external field and φu the angle that the anisotropy axis is

with respect to the X axis. We can write the free energy in polar coordinates as

F

Ms

= B sin θ cos(φ− φB) +
1

2
µ0Meff cos2 θ − 1

2
Bu sin2 θ cos2(φ− φu). (B.3)

The equilibrium condition will be satisfied when the φ and θ derivatives of

the free energy are zero, which gives us the condition

∂F/Ms

∂θ
= 0 = −B cos θ cos(φ0 − φB)− 1

2
µ0Meff sin 2θ0 −

1

2
Bu sin 2θ0 cos2(φ0 − φu)

(B.4)

∂F/Ms

∂φ
= 0 = B sin θ0 sin(φ0 − φB) +

1

2
Bu sin2 θ0 sin 2(φ0 − φu) (B.5)

where the 0 subscript denotes this being the equilibrium value of φ and θ. This

is a transcendental system of equations which probably has no closed-form so-

lution. Luckily, we can get away without solving them exactly. First off, we

can reason physically that the equilibrium angle of the magnetization should

be in-plane (since without the in-plane anisotropy it certainly is, and since the
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anisotropy and external field are in-plane there is no reason for the equilibrium

to be out-of-plane), and hence θ0 = π/2, which takes care of the θ-derivative

equation. The φ-derivative equation then simplifies to

0 = sin(φ0 − φB) +
Bu

2B
sin 2(φ0 − φu) (B.6)

which is unfortunately still a transcendental equation without a closed form

solution. In general, we are probably out of luck outside of solving all of this

numerically, but we can make more headway if we assume that the anisotropy

is sufficiently small, more precisely that Bu/B � 1. In this case, we can assume

that the equilibrium magnetization direction is very close to the external field

direction, and hence that φ0 = φB + δ with δ � 1. With these assumptions, we

see that

Bu

2B
sin 2(φ0 − φu) ≈

Bu

2B
sin [2(φB − φu) + 2δ]

=
Bu

2B
sin 2(φB − φu) + 4δ

Bu

2B
cos 2(φB − φu) +O(δ2)

≈ Bu

2B
sin 2(φB − φu)

where the last approximation comes from the dual assumptions that both δ and

Bu/2B are small, so their product is second order in smallness. Finally, these

assumptions also mean that sin(φ0 − φB) ≈ (φ0 − φB) to first order. We can use

all of these to simplify and rearrange B.6 to show us that

φ0 ≈ φB −
Bu

2B
sin 2(φB − φu) (B.7)

which we can reasonably use as an equilibrium azimuthal angle in the Smit-
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Beljers-Suhl formula.

We now finish up the application of Smit-Beljers-Suhl by calculating the sec-

ond partial derivatives. They are

∂2F/Ms

∂θ2
= B sin θ cos(φ− φB)− µ0Meff cos 2θ −Bu cos 2θ cos2(φ− φu)

=
eq
B cos(φ0 − φB) + µ0Meff +Bu cos2(φ0 − φu) (B.8)

∂2F/Ms

∂φ2
= B sin θ cos(φ− φB) +Bu sin2 θ cos 2(φ− φu)

=
eq
B cos(φ0 − φB) +Bu cos 2(φ0 − φu) (B.9)

∂2F/Ms

∂θ∂φ
= B cos θ sin(φ− φB) +

1

2
Bu sin 2θ sin 2(φ− φu)

=
eq

0.

We can then write the Smit-Beljers-Suhl formula for this system as

(
ω

γ

)2

=
[
B cos(φ0 − φB) + µ0Meff +Bu cos2(φ0 − φu)

]
[B cos(φ0 − φB) +Bu cos 2(φ0 − φu)]

(B.10)

with φ0 given by Eq. B.7. Using the approximation B.7, we can immediately

see that cos(φ0 − φB) = 1 to first order. We can also use this approximation to

see that cos 2(φ0 − φu) ≈ cos 2(φB − φu) + Bu

B
sin2 2(φB − φu) and cos2(φ0 − φu) ≈

cos2(φB − φu) + Bu

2B
sin2 2(φB − φu) to first order, but both of these terms will be

multiplied by another Bu/B in the final expression. Therefore, we can generally

make the substitution φ0 → φB in all of the second derivative formulae. With

this simplification, the Smit-Beljers-Suhl formula tells us that in this situation
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the dispersion relation is

(
ω

γ

)2

=
[
B + µ0Meff +Bu cos2(φB − φu)

]
[B +Bu cos 2(φB − φu)] (B.11)

which we can also invert to find

B =
1

2

[√
(µ0Meff +Bu(cos2 ψ + cos 2ψ))2 + 4((ω/γ)2 −Bu cos 2ψ(µ0Meff +Bu cos2 ψ)

−µ0Meff −Bu(cos2 ψ + cos 2ψ)
]

(B.12)

where ψ = (φB − φu). Therefore, if we measure the resonant field at a single

frequency at several φB, we can use B.12 to fit the resulting curve with Bu, Meff

and φu as fit parameters to find the anisotropy. In practice this works quite

well, giving comparable results to using more general expressions where we

do not make smallness assumptions and instead solve everything numerically.

Finally, we note that we have found that to get a quick estimate of the size of

the anisotropy field if we have the resonant field as a function of angle for a

specific frequency, the difference between the largest and smallest resonant field

is generally quite close to the true anisotropy field, and the anisotropy easy axis

is along the direction where the lowest resonant field was observed.

B.2 FMR with Second-Order Anisotropy

Here we will show how to derive the resonance condition given a second order

out-of-plane anisotropy. We could try to use the Smit-Beljers-Suhl formula, but

it turns out that the pole from the 1/ sin θ becomes quite cumbersome. Another
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way of doing this is to write anisotropies as an effective demagnetization tensor,

as shown in [20]. We want to find the relation

Ba = −
←→
Nm (B.13)

where Ba is the anisotropy field. If we can find all of the elements of the demag-

netization tensor, then [20] tells us that the resonance condition is given by

(
ω

γ

)2

= (Bz −Nzz +Nxx)(Bz −Nzz +Nyy)−N2
xy (B.14)

where Bz = B cos(θB − θ) and θ is the equilibrium angle of the magnetization.

It’s important to note that this only holds when the demagnetization tensor is

written in a basis where z is along the equilibrium magnetization direction.

To write the anisotropy in this form, we take an energy of the form

E = −K1em
2
z′ −K2m

4
z′ (B.15)

where the primed axes have z′ along the film normal, and we’ve already in-

cluded thin-film demagnetization into K1e = K1 − µ0M
2
s /2. We will use un-

primed coordinates for the magnetization coordinates which have the z axis

along the equilibrium direction of the magnetization. We assume the field is ap-

plied in the y′ − z′ plane, so the primed and un-primed coordinates are rotated

about the x = x′ axis by an amount θ. We first note that mz′ = mz cos θ−my sin θ

in the un-primed coordinate system. We can then substitute this into Eq. B.15

and then compute the derivatives to find the effective fields Bi,a = − 1
Ms

∂E
∂mi

. We

will then arrange this so that it takes the form Ba = −
←→
Nm to find the effective
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demagnetization components.

Doing the needed derivatives and defining B1e ≡ 2K1e/Ms and B2 ≡

4K2/Ms, we find that

Bx,a = 0 (B.16)

By,a = −1

2
B1emz sin 2θ +B1emy sin2 θ

−B2(m3
z cos3 θ sin θ − 3m2

zmy cos2 θ sin2 θ + 3mzm
2
y cos θ sin3 θ −m3

y sin4 θ)

(B.17)

Bz,a = B1emz cos2 θ − 1

2
B1emy sin 2θ

+B2(m3
z cos4 θ − 3m2

zmy cos3 θ sin θ + 3mzm
2
y cos2 θ sin2 θ −m3

y cos θ sin3 θ).

(B.18)

Now, there are only four demagnetization components that actually matter (the

diagonals and Nxy) but we can already clearly see that Nxx = Nxy = 0, so we

only need to find Nyy and Nzz. The contributions from the first order anisotropy

is easy enough to find, but the second order anisotropy terms are a bit trickier.

However, we can assume that my � 1 and mz ≈ 1. Essentially, this means

that for Nyy we only take the B2 term that is first order in my (the second one in

parentheses) and forNzz we only take the second order term that is independent

ofmy (the first term in parentheses), and assume that them2
z which is left over in

both cases is ≈ 1 and hence can be ignored. This leads us to Nyy = −B1e sin2 θ−

3B2 cos2 θ sin2 θ and Nzz = −B1e cos2 θ − B2 cos4 θ. Writing out the resonance

123



condition,

(
ω

γ

)2

= [Bz +B1e cos2 θ +B2 cos4 θ][Bz +B1e(sin
2 θ − cos2 θ) +B2(cos4 θ − 3 cos2 θ sin2 θ)]

(B.19)

= [Bz +B1e cos2 θ +B2 cos4 θ]

[
Bz +B1e cos 2θ +

B2

2
(cos 2θ + cos 4θ)

]
(B.20)(

ω

γ

)2

= [Bz +B1e cos2 θ +B2 cos4 θ]

[
Bz +

(
B1e +

B2

2

)
cos 2θ +

B2

2
cos 4θ

]
(B.21)

where we have used some trigonometric identities to simplify. This expression

agrees with Eq. (2) in [16], and reduces to the right expression when B2 = 0, as

seen in several sources.
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