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Abstract

This thesis deals with different aspects of spin pumping. Spin pumping is a method
of generating a pure spin current in a ferromagnet /normal metal bilayer. In a series of
electrically detected spin pumping experiments on yttrium iron garnet (YIG)/platinum
bilayer samples with variable platinum thickness, we characterize the spin Hall angle
and the spin diffusion length of platinum. We also analyze the dependence of spin
pumping on the yttrium iron garnet layer thickness, and observe a strong enhance-
ment of spin pumping efficiency for thick (ty;¢ > 60nm) YIG layers.

We investigate the possibility of using electrically detected spin pumping to directly
measure the excitation of the magnetization in a strongly coupled system consisting
of a YIG single crystal and a microwave cavity. We develop a model, based on input-
output theory, which is valid in the weak and strong coupling limit, to calculate the
magnetization excitation in such a system and to predict the spin pumping signal
as a function of microwave frequency and magnetic field. We compare the model
predictions to the experimental observations, finding good quantitative agreement in
the weakly coupled case. In the strongly coupled case, our model allows us to exclude
spin pumping as a possible source of the observed dc voltage signal.

Spin pumping is modeled for the first time in ferrimagnetic systems, taking into
account the richer magnetic structure of ferrimagnets as compared to that of ferro-
magnets, which features multiple magnetic sublattices. We find that in ferrimagnets,
the polarization direction of the pumped spin current depends on the effective gyro-
magnetic ratio, but not on the orientation of the magnetic sublattice at the normal
metal interface. We verify our model experimentally by performing spin pumping on
a gadolinium iron garnet/platinum bilayer as a function of temperature. We extend
our model to antiferromagnets and find that they have a lower spin pumping efficiency
relative to ferromagnets.

Finally, we conduct for the first time microwave frequency spin Hall magnetore-
sistance experiments on YIG /platinum bilayer samples. We show that the spin Hall
angle in platinum is frequency independent up to frequencies of at least 3 GHz. Our
experiments also show that it is possible to read out the orientation of the magneti-
zation of the yttrium iron garnet film at GHz frequencies.
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Chapter 1

Introduction

In electronic devices today, the charge of the electron is used to transport and manipu-
late information. However, electrons do not only carry charge but also spin, quantum
mechanical angular momentum. Spintronics is the field of research that wants to take
advantage of the electron spin, which also can be used to transport and store informa-
tion encoded in orientation of the electron spin. Today spintronics is a very diverse
field of research [1-3]. One distinguishes between spin-polarized currents, which is
a flow of electrons in which the majority of electron spins are oriented either up or
down, and pure spin currents. A pure spin current is a directed flow of angular mo-
mentum without an associated net flow of charge, which has even been suggested to
be dissipation-free, because it is invariant under time-reversal [4|. For the transport
of information, this would be a great advantage of pure spin currents over electric cur-
rents, which cause Joule heating, thus impeding miniaturization due to cooling issues.
The idea of using spin currents for logic operations in semiconductors has existed for
quite some time, since the spin field effect transistor was first suggested by Datta and
Das [5] in 1990. The development of methods for the generation of pure spin currents
has therefore been of considerable interest. By far the most technologically relevant
innovation in the field of spintronics is the discovery of the giant magnetoresistance
effect by Fert [6] and independently Griinberg [7], for which they were awarded the
Nobel prize in physics in 2007. Their discovery and that of the related tunneling
magnetoresistance enabled the construction of magnetic tunnel junctions. In these
devices, featuring alternating layers of magnetic and non-magnetic materials, the re-
sistance depends of the relative orientation of the magnetic layers, making magnetic
tunnel junctions very sensitive magnetic field sensors. They are today used in read

heads of magnetic mass storage media, in which information is stored in a magnetized



disk.

Magnetic tunnel junctions can also be directly used to store information, in the
orientation of the magnetic layers, which is exploited for example in magnetoresis-
tive random access memory (MRAM). MRAM allows for very fast read and write
operations, like today’s electric random access memory (RAM). In addition to very
fast data rates, the memory is also non-volatile, meaning that the stored information
persists even when power is cut, like in today’s hard disks. It is therefore conceivable
to integrate data storage and RAM. The persistence of information in MRAM also
makes it energy efficient. To perform a write operation in MRAM, the magnetiza-
tion in a magnetic layer of a tunnel junction needs to be reoriented. Reorienting the
magnetization usually necessitates the use of an external magnetic field, which is gen-
erated by an electric current flowing in a lead. This electric current also produces a
considerable amount of heat, which limits data density and speed. At the same time,
stray magnetic fields from the current lead need to be prevented from interacting with
neighboring magnetic elements, causing write errors. The use of spin currents instead
of magnetic fields to reorient the magnetization of MRAM cells resolves these prob-
lems. Spin currents, injected into a magnetic material, can change the magnetization
orientation in ferromagnets due to spin transfer torque |8-10|. Such a spin current
can be directly channeled to the magnetic element, where it acts locally, eliminating
stray fields. Spin transfer torque switching using pure spin currents also reduces the
amount of heat generated in the writing process.

The inverse of the spin transfer torque is spin pumping: The magnetization of a
ferromagnetic thin film is excited in a non-equilibrium state which generates a pure
spin current flowing into an adjacent normal metal. If the magnetization of the
magnetic material is resonantly excited (ferromagnetic resonance, FMR), one speaks
of spin pumping [11-16]. On the other hand, if the non-equilibrium state of the spin
system is due to a thermal gradient between the magnetic material and the normal
metal, the spin current generation process is referred to as the spin Seebeck effect
(SSE) [17-23]. Conversely, a pure spin current can also be generated in the normal
metal. By driving a current parallel to the ferromagnet/normal metal interface, a
spin current is induced which propagates perpendicularly to the interface, due to
the spin Hall effect [24-26|. The magnetization orientation dependent absorption of
that spin current is the basis of the recently discovered spin Hall magnetoresistance
(SMR) [27-29].



This thesis investigates spin current generation in magnetic material /normal metal
bilayers. The exploration of methods for generating a pure spin current is one of the
essential steps in the advancement of spintronics research. Spin pumping is one such
method and is here examined in new contexts, such as that of strong coupling, of
compensating ferrimagnets, and of antiferromagnets. The frequency dependence of
the spin Hall effect, another method for creating a pure spin current, is probed in this
thesis using the SMR effect.

The thesis is organized as follows: In chapter 2, the basic ingredients of the spin
pumping mechanism are discussed. These are further illustrated in chapter 3, in which
we describe electrically detected spin pumping in thin film bilayers of the magnetic
insulator yttrium iron garnet (YIG) and the normal metal platinum. Thereby, we
vary both the layer thicknesses of the YIG and of the Pt layers. Varying the layer
thickness of the platinum allows us to determine the relevant properties for spin
current propagation in platinum, namely the spin diffusion length, which governs the
distance a spin current can propagate in the material before decaying and the spin
Hall angle, which controls the efficiency of its conversion into a charge current due to
the inverse spin Hall effect.

In chapter 4, we contrast spin pumping in a YIG thin film /Pt bilayer sample and in a
bulk single crystal YIG /Pt bilayer sample. In a microwave cavity-based spin pumping
experiment, the transition from thin film to bulk YIG causes an enhancement of the
coupling between the photonic excitations in the cavity and the magnonic excitations
of the spin system of the YIG, so that superposition states form. We model the
cavity excitation as well as the excitation of the spin system and predict the spin
pumping voltage generated in the thin film as well as bulk cases, both as a function of
microwave frequency and magnetic field. In particular, we are able to quantitatively
predict the spin pumping signal from a FMR measurement, using only the spin mixing
conductance, the spin diffusion length and the spin Hall angle. We find that in bilayer
samples where the ferromagnet is of greater volume, the spin pumping signal decreases
relative to thin film ferromagnet bilayers. Our model is quantitatively consistent with
electrically detected spin pumping experiments performed on a thin film YIG/Pt
bilayer sample. In analyzing spin pumping data on a bulk YIG/Pt bilayer sample,
our model allows us to distinguish voltage signals due to spin pumping and voltage
signals due to the spin Seebeck effect.

In chapter 5, we discuss spin pumping in ferrimagnets and antiferromagnets. In



the context of magnetic storage, using antiferromagnets is advantageous, as they do
not produce any stray magnetic fields [30]. Furthermore the spin current needed for
switching of the magnetization orientation is predicted to be smaller than in ferro-
magnets [31|. Conversely, ferrimagnets and antiferromagnets are magnetically more
complicated than ferromagnets. While ferromagnets can be described in terms of one
single magnetic moment, ferrimagnets and antiferromagnets comprise at least two
magnetic sublattices. We model the spin pumping spin current in ferrimagnet /normal
metal. We find that the orientation of the polarization of the dc spin current gen-
erated by spin pumping depends only on the effective gyromagnetic ratio of the fer-
rimagnet. We then confirm our model by performing spin pumping experiments on
gadolinium iron garnet, a compensating ferrimagnet in which the magnetic system
is strongly temperature dependent, as a function of temperature. Using the same
approach as for ferrimagnets, we calculate the spin pumping amplitude in an easy-
axis-antiferromagnet /normal metal bilayer sample. We then perform spin pumping as
a function of magnetic field and microwave frequency on the easy-axis antiferromagnet
manganese(II) fluoride.

In chapter 6, we take a closer look at the spin Hall magnetoresistance (SMR), per-
forming magnetoresistance experiments at microwave frequencies. Previously only
performed using dc charge currents, we here perform SMR measurements at mi-
crowave frequency. Microwave frequency spin Hall magnetoresistance measurements
give insight into the interaction time governing the spin Hall effect. In the SMR effect,
the orientation of the magnetization in a magnetic layer can be probed without the
use of a magnetic field using the magnetization orientation dependent transmission
of a spin current across the interface. It thus explores the possibility of using the
SMR effect to quickly read the magnetization orientation in a ferromagnetic element.
We develop and calibrate a test fixture for a thin film YIG /Pt bilayer, capable of
supporting ac microwave current. We then measure the impedance of the YIG/Pt
bilayer as a function of magnetic field orientation as well as microwave frequency, for
frequencies of up to 8 GHz. Our results show that within experimental accuracy, the
spin Hall magnetoresistance is independent of frequency for frequencies of at least
3 GHz.

Finally, a summary of the most important results of this thesis is given in chapter



Chapter 2

Foundations of Spin Pumping

In a bilayer of a ferromagnetic material and a normal metal the damping and there-
fore linewidth of ferromagnetic resonance (FMR) is increased compared to the bulk
material value. This phenomenon prompted Tserkovnyak et al. [32-34| to propose the
spin pumping mechanism, which has since been well established. [11-16, 35,36]. Spin
puming is illustrated in Fig. 2.1. In FMR, the magnetization of the ferromagnetic
material is resonantly excited by microwave radiation. The precessing magnetization
drives a spin current flowing into the normal metal, in a parametric pumping process.
This transfer of angular momentum from the ferromagnet to the normal metal acts
as an additional damping mechanism for the precession of the magnetization of the
ferromagnet in ferromagnetic resonance. Spin pumping is thus a method of generat-
ing a pure spin current in a bilayer of a magnetic material and a normal metal. Spin
currents are a directed flow of angular momentum. In addition to their propagation
direction, spin currents are also characterized by the orientation of the spin current
polarization. A more detailed discussion of spin currents can be found in Ref. [37].
In the case of spin pumping, the spin current flow direction is normal to the ferro-
magnet /normal metal interface |32]. The polarization depends on the magnetization
orientation in the ferromagnet. Spin pumping is generally divided into two parts:
The first is dc spin pumping, where the polarization of the spin current (i.e., the
spin orientation) is in the direction of the equilibrium magnetization of the ferromag-
net. The second is ac spin pumping, where the polarization direction changes at the
same frequency as the precession frequency [15,38]. In the course of this thesis, dc
spin pumping experiments were performed. In the following chapter, we discuss the

fundamental ingredients of the dc spin pumping mechanism.
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microwave

Figure 2.1: The spin pumping mechanism: A microwave magnetic field is used to excite
the magnetization M of the ferromagnet, which precesses. The relaxing magne-
tization generates a spin current flowing from the ferromagnet into the normal
metal along y. The spin current comprises a dc part with a polarization s along
the magnetic field direction Beg and an ac part with a polarization direction
which rotates in the z-y plane with the ferromagnetic precession frequency.

2.1 Ferromagnetic Resonance

We start by giving a short overview of ferromagnetic resonance, the resonant ab-
sorption of microwave radiation by a ferromagnetic material [39]. In a ferromagnet,
the magnetic moments are coupled by exchange interaction. Thus, they are aligned
parallelly even in small external magnetic fields. The magnetic moments can then
be described within the macrospin approximation by the magnetizaton M [40]. In
an external magnetic field By = Bye.,! a force is acting to align M along By. This
force acts to align the magnetization and external magnetic field. There is an angular
momentum L = MV/v associated with the magnetization, where v is the gyromag-
netic ratio and V' is the volume of the ferromagnet. In ferromagnetic systems, where
unpaired electrons provide the magnetic moment, the gyromagnetic ratio is negative,
due to the negative charge of the electron. The magnetic moment and angular mo-
mentum of an electron are thus antiparallel [41]. The force that tries to align the
magnetization with the external magnetic field thus generates a torque on the an-
gular momentum of the ferromagnet. This results in a precessional motion of the

magnetization and angular momentum vectors around the magnetic field axis. The

'In this thesis, By = poHp, where Hj is the externally applied magnetic field. However, we will
use the term external magnetic field or applied magnetic field also for By.
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dynamics of the magnetization can be expressed as

M =M x By, (2.1)
The precession frequency of the system is
w=1B. (2.2)

In addition to an external magnetic field, there are also internal fields, stemming from
the crystalline and shape anisotropies as well as exchange interaction. To take into
account the anisotropies, the external magnetic field By is replaced by an effective

magnetic field Beg in a ferromagnet. It can be calculated by [39]

OF

Bic = A7
<t oM,

(2.3)
where F' is the free energy density of the ferromagnet. The free energy density in a
single domain ferromagnet consists of F' = Fy + F + Fg, where Fy is the Zeeman
energy density, Fy is the energy density of the crystalline anisotropy and Fj is the free
energy density of the shape anisotropy [39]. In a ferromagnet with multiple magnetic
domains, exchange energy also needs to be taken into account.

According to Eq. (2.1), the magnetization will precess for an infinitely long time
once it is excited. There are however dissipative processes that allow the magneti-
zation to return to its equilibrium position along the effective magnetic field. This
damping is usually expressed as a viscous damping term which is amended to Eq. (2.1),
resulting in the well-known Landau-Lifschitz-Gilbert (LLG) equation [39,42]:?

M:’yMXBeﬁ—I—%MXM, (2.4)

where we have introduced the Gilbert damping constant a. The second summand in
Eq. (2.4) is a change in magnetization direction perpendicular to both M and M and
causes the magnetization to spiral back to a position along Bg.

In FMR, the precession of the magnetization is driven by a time-dependent mi-

crowave magnetic field by(¢). This process is most efficient when the by (t) oscillates

2Eq. (2.4) is strictly true only as long as a < 1. Otherwise, the precession frequency will be a
function of 1/(1 + o). However, in this thesis we only treat cases where the condition a < 1 is
fulfilled. For more information, we refer to [39]
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at the eigenfrequency of the magnetization precession. Thus the absorption of mi-
crowave radiation by the ferromagnet is frequency dependent. The absorption of
microwaves is given by the imaginary part of the rf susceptibility x”. A thorough
derivation of the rf susceptibility is available in Ref. [40]. For the purpose of this
thesis it is sufficient that the rf susceptibility as a function of the magnetic field is

described by a Lorentzian with a half width half maximum linewidth of [40]
AB = aw/7y. (2.5)

The cone angle of the magnetization precession # depends on the ratio of microwave
power and FMR linewidth and is in resonance and for small cone angles calculated
as [43|:

b
AB’
where b; is the effective amplitude of the microwave magnetic field. Note that Eq. (2.6)

= (2.6)

is valid only assuming that all damping is viscous (Gilbert-like). The cone angle of
the magnetization precession therefore depends on both the ac magnetic field strength

and the damping.

2.2 The Spin Pumping Mechanism

We will in this section introduce the spin pumping mechanism from the point of view
of an angular momentum conservation, a principle we will discuss in greater detail in
Sect. 5.1. Since the magnetization M of a spin system is associated with an angular
momentum yL = MV, where V is the volume of the ferromagnet, the precession of
the magnetization in ferromagnetic resonance also entails a precession of an angular
momentum around the magnetic field axis. The torque needed for the precession of the
angular momentum is provided by the effective magnetic field. The torque needed
for the damping of the magnetization is exerted by the lattice, via magnetoelastic
interactions [42]. In a ferromagnet in contact with a normal metal, the damping
torque can also be exerted by the normal metal, via the absorption of a spin current.
This so-called spin pumping process thus can be described by an expression which has
the same form as the Gilbert damping term in Eq. (2.4). As compared to an isolated

ferromagnet with Gilbert damping constant «y, the effective damping constant of the
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ferromagnet in a ferromagnet/normal metal bilayer thus reads
a=ay+d, (2.7)

where ay is the value of the damping constant in the ferromagnet without any contact
to a normal metal.

Following Ref. [32], the spin pumping damping constant o/ depends on the efficiency
of the spin current absorption of the normal metal, which is described by the spin-
mixing conductance g™. The spin-mixing conductance g™ depends on the interface
quality between the ferromagnet and the normal metal, but does not strongly depend
on the material combination at the interface [12]. It can be related to the damping

parameter o by |32]
o= 9
AT MV’

where g is the Landé g factor, up is the Bohr magneton, and V is the volume of

(2.8)

the ferromagnet. Following Refs. [32,33], the spin current density pumped into the
normal metal is:
th ]

Iy = o mxm, (2.9)
where m is the unit vector of magnetization. The flow direction of Jg is from the
ferromagnet to the normal metal, normal to the interface. The orientation of the spin
current polarization s is along m x m, and thus oscillates with the FMR frequency.

The dc part of the spin pumping is found by time-averaging the spin current.
In ferromagnetic resonance precession with small precession cone angles, the unit
vector of magnetization can be expressed as m = (m; cos(wt), my sin(wt), 1). Here

my = sin(f) It follows that in an effective magnetic field along z,
[m x m] = wsin®*(A)e. , (2.10)

where [...] denotes time averaging. All spin current polarization components which

are not along the z-direction are averaged to zero and one finds [12,35]:
I = iwgﬂ sin? 6 (2.11)
z 47T Y

where the precession cone angle 6 depends on both the microwave power used to excite

FMR and the damping parameter « (see Eq. (2.6)). In chapter 5.1.1, this expression
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Figure 2.2: (a) The spin Hall effect: The spin ’up’ and spin 'down’ electrons in a charge
current I, propagating in a metal are scattered opposite ways, resulting in a
spin current I, perpendicular to both the direction of I. and the spin current
polarization s||e, (b) The inverse spin Hall effect: A spin current, consisting of
spin 'up’ and spin ’down’ electrons traveling in opposite direction, is injected
into a metal. Spin ’up’ and spin ’down’ electrons are scattered in opposite
directions relative to their direction of travel. A charge current ensues, which is
unpolarized, and perpendicular to both the spin current propagation direction
and the spin current polarization.

will be further motivated.

2.3 Measuring Spin Pumping

Spin pumping can be measured in two ways: The first method is to compare the
ferromagnetic resonance linewidth of a ferromagnet in contact with a normal metal
layer with the linewidth of the same ferromagnetic material without the normal metal,
as performed in Ref. [44]. This allows one to measure the damping constants oy and
o' (Egs. (2.7) and (2.5)). It is thus possible to measure the spin-mixing conductance
directly (Eq. (2.8)). Here, we describe in detail only the second method, electrically
detected spin pumping. This method is based on measuring the spin current across the
interface instead of the increased damping in FMR. However, it is not straightforward
to detect a spin current — one cannot simply buy spin current detection electronics.
Instead, in this work we exploit the inverse spin Hall effect [25,26] to convert the spin

current into a charge current which is easily measurable [36].

2.3.1 The Spin Hall and Inverse Spin Hall Effects

We here describe the spin Hall effect and its inverse in a purely phenomenological way.
We start with the spin Hall effect [25]. The mechanism is presented in Fig. 2.2(a). If
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an unpolarized charge current I., consisting of an equal number of spin 'up’ and spin
"down’ electrons, is injected into a normal metal along the z-direction, electrons are
predominantly scattered in the y-direction perpendicular to both the current direction
and the spin polarization direction of the electron. If this scattering is due to spin
orbit mechanisms, such as skew-scattering [45], side jump scattering [46], and intrinsic
interactions [47], the scattering direction is spin-dependent: While spin 'up’ electrons
are scattered in negative y-direction, spin ‘down’ electrons are scattered in positive y-
direction. The result is a pure spin current in negative y-direction: the same number
of spin 'up’-electrons travel in negative y-direction as spin ’down’ electrons travel in
positive y-direction. The spin current can thus be described as I, = I, — I;*. The

spin Hall effect is given by

I, = Osy (—2—2) s x I, (2.12)
where fsy is the spin Hall angle, parameterizing the strength of the spin orbit coupling
in the metal. s is the polarization direction of the spin current. The ratio between
the spin and charge of the electron is —h/2e. 3

The opposite process is also possible: A spin current can be converted to a charge
current. This process is then called the inverse spin Hall effect (Fig. 2.2(b)). Consider
a pure spin current polarized along positive z-direction injected along the negative
y-direction. It consists of equal parts spin ’up’ electrons traveling in negative y-
direction and spin ’down’ electrons traveling in positive y-direction. These are again
scattered spin-dependently: spin 'up’ electrons are scattered to the left relative to
their propagation direction, in z-direction. spin ’down’ electrons are scattered to
the right, also in x-direction. A non-polarized charge current in negative z-direction

ensues I, = LT + I.* The inverse spin Hall effect is described by:

2
- (_%e) s x L. (2.13)

The spin Hall angle is identical for the direct spin Hall and inverse spin Hall effects,

since they depend on the same scattering mechanisms.

3Note that the charge of the electron is ¢, = —e.
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microwave

Figure 2.3: Electrically detected dc spin pumping: A microwave magnetic field is used to
excite the magnetization M of the ferromagnet, which precesses. The relaxing
magnetization generates a dc spin current flowing from the ferromagnet into
the normal metal (along y), with a polarization s along the magnetic field
direction Beg. In the normal metal, it is converted into a charge current by
the inverse spin Hall effect. The dc component of this spin current can then be
measured as a dc voltage between contacts placed at either end of the sample.

2.3.2 Electrically Detected Spin Pumping

The inverse spin Hall effect is a valuable tool in measuring spin currents since it allows
for the conversion of spin currents into charge currents, which can then be measured
electrically. In open circuit condition, the charge current generated by the inverse
spin Hall effect causes a measurable electric voltage between two contacts placed
orthogonally to the spin polarization direction s.

The measurement geometry for electrically detected spin pumping, i.e., for the
detection of the pumped spin current via the inverse spin Hall effect, is shown in
Fig. 2.3. The magnetization of the ferromagnet (shown in green) is excited in FMR
by microwave radiation. The precession of the magnetization around its equilibrium
position along the effective magnetic field Bog generates a spin current Iy with a prop-
agation direction normal to the ferromagnet/normal metal interface. The orientation
of the dc spin current polarization s is given by the orientation of the effective mag-
netic field. In the normal metal this spin current is converted to a charge current due
to the inverse spin Hall effect and is then electrically detected as a voltage in open
circuit conditions. Since the direction of the charge current and thus the polarity
of the voltage depends on the polarization direction of the spin current, it can be

inferred from the polarity of the measured dc voltage signal. The measured dc volt-
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age in ferromagnetic resonance in an electrically detected spin pumping experiment
is [12,35,37]:*

Vip = eg™OsuAsp tanh ( In ) iRw sin?(0) Py, (2.14)
2Asp /) 27

where e is the elementary charge, ¢ty is the thickness of the normal metal layer, R is
the resistance of the bilayer, and w is the width of the bilayer. Agp is the spin diffusion
length of the normal metal, i.e., the distance that a spin current can travel in a metal
before it vanishes due to spin flip scattering processes in the normal metal [35]|. P is the
ellipticity correction factor which is introduced to take into account that the precession
of the magnetization in a ferromagnet is in general not circular but elliptical, due to the
crystalline and shape anisotropies present in the ferromagnet. Elliptical precession can
either be more or less efficient than circular precession at pumping spin current 48|,
depending on the anisotropies and the frequency of the FMR precession. In this
thesis, we investigate spin pumping in yttrium iron garnet (YIG) as a ferromagnet,
at X-band frequencies (10 GHz). The ellipticity correction factor is very close to one
in this regime [37]. Therefore in the following it is disregarded, by setting P = 1.

The spin backflow correction factor [49]

2 t -1
n= (1 + Qng)\SD% coth <ﬁ)) (2.15)

takes into account the fact that the normal metal layer is not a perfect spin sink.
In spin pumping, the spin current injected into the normal metal will cause a spin
accumulation to build up in the normal metal. This spin accumulation drives a spin
current back into the ferromagnet, thus reducing the effective spin current. However,
the spin current injected into the normal metal will decay on the length scale of the
spin diffusion length Agp. Consequently no spin accumulation can build up further
away from the ferromagnet/metal interface than Agp. The spin current driven by
any spin accumulation close to the interface therefore flows away from the interface,
instead of back toward the ferromagnet. If the normal metal layer is thicker than the
spin diffusion length in the normal metal, the backflow is small, and n ~ 1.

It is important to note that V, is independent of w, since R is proportional to 1/w.

4Although technically this voltage is an inverse spin Hall effect voltage due to a spin current
generated by spin pumping, in the following, this voltage will often be referred to simply as ’spin
pumping voltage’
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Conversely, it is possible to increase the Vg, signal by increasing the length L of the
sample, thus increasing R.

Eq. (2.14) does not imply that an increase in g™ always leads to an increased dc
voltage in resonance. In fact, according to Eqs. (2.5)-(2.8), increasing g™ leads to an
increase in the damping constant, which in turn decreases 6 (assuming the microwave
magnetic field is kept constant). The reduced precession cone angle leads in turn to
a decrease in the dc pumped spin current and thus Vi,. The dependence of V;, on g™
(using g™ o, and sin*() o 1/a?) is summarized in terms of damping constants as:

!/

Vip X (2.16)

(ag+ /)2
An increase in g™ viz. o is therefore beneficial until the magnetic resonance linewidth
increase from spin pumping is equal to the linewidth of the bulk ferromagnet, ag = /.
A further increase in g™ beyond this point then decreases the dc pumped spin current
and Vg, In ferromagnets with low damping constants, such as ytrrium iron garnet [50]
or permalloy [51], & > «q is easily achieved. In other words, to optimize Vg in a
system consisting of a low linewidth ferromagnet and a normal metal, the interface
between the ferromagnet and normal metal should not be ’too perfect’. We stress
that the pumped spin current (i.e. the dc voltage) does not increase with increasing
FMR frequency w. Instead, Egs. (2.5) and (2.6) show that the precession cone angle
0 is inversely proportional to the microwave frequency (if the damping is entirely
Gilbert-like). It follows that V, in effect scales as

Vip x 1/w. (2.17)

At a given microwave input power, spin pumping is therefore more efficient at lower

frequencies, as is also pointed out in Ref. [35].

2.3.3 Rectification Effects

In a typical electrically detected spin pumping experiment, the dc voltage that is
measured between the contacts is not entirely due to spin pumping. Microwave rec-
tification effects can also play a role. These dc voltages are generated by the down-
conversion of a microwave ac current in a metallic conductor due to the resistance

in that metal changing at the same frequency. The microwave current is induced by



Section 2.3
Measuring Spin Pumping 15

the microwave electric field of the cavity or waveguide resonator used to drive the
FMR in spin pumping experiments. Although the sample is placed in such a way
that the microwave magnetic field b; is optimized, part of the sample and dc leads
are exposed to the microwave electric field as well. The oscillating resistance is due
to magnetoresistance effects. If the ferromagnet used in spin pumping is metallic the
angle-dependent magnetoresistance (AMR) effect modulates the resistance due to the
periodic change in direction of the magnetization of the ferromagnetic material in
ferromagnetic resonance precession |52-54|. If the ferromagnet used is an insulator,
the spin Hall magnetoresistance effect (see chapter 6) modulates the resistance of the
normal metal film in a similar fashion [55,56]. In cavity-based spin pumping exper-
iments, SMR rectification voltages are usually smaller than spin pumping voltages,
except when spin pumping is suppressed (see chapter 5.1). In both AMR and SMR

rectification, the oscillating current and resistance homodyne, as

U(t) = (Ry + Ry cos(wt))I cos(wt + ¢) (2.18)
= % cos(@) + Rol cos(wt + ¢) + % cos(¢ + 2wt) (2.19)

features a dc component. The phase difference ¢ between the resistance modulation
and the induced microwave current depends on the geometry of the experiment (rel-
ative orientation of Beg, b; and the contacts), which is constant in a spin pumping
experiment, as well as an the external magnetic field magnitude, since the phase dif-
ference changes by 7 while sweeping over the FMR resonance field. Depending on the
magnetic field magnitude independent part of the phase difference, the dc rectification
voltage as a function of the magnetic field in general consists of a symmetric Lorentzian
line centered at the FMR resonance field and an antisymmetric peak-dip lineshape,
also centered at the resonance field. Without angle-dependent measurements, the
symmetric contribution from rectification is indistinguishable from a voltage gener-

ated by spin pumping.






Chapter 3

Spin Pumping on Yttrium lron
Garnet/Platinum Bilayers

In spin pumping experiments, it is possible to determine the spin mixing conduc-
tance g™, which governs the effectiveness of spin transport across interfaces and is
thus of great importance in such experiments. The magnitude of the spin pumping
spin current itself, as well as the magnitudes of spin transfer torque [8-10|, the spin
Seebeck effect [17-23] and spin Hall magnetoresistance [27, 29|, depend on g™ [57].
Furthermore, the spin Hall angle sy and the spin diffusion length Agp are critical in
the efficiency of spin and charge current conversions, via the (inverse) spin Hall effect.
Unfortunately, the experimental determination of one of the parameters g™, Agp, or
Osp in electrically detected spin pumping experiments is usually achieved assuming the
magnitudes of the other two values are known. This is due to the fact that the product
of all three values features in Eq. (2.14). Due to this problem, many spin pumping and
other experiments found in literature quote differing values for g™, A\gp, or fsy, with
ranges of 10¥m=2 < g™ < 10 m~? in ferromagnet/platinum interfaces |12, 28, 58]
and 0.003 < fsy < 0.13 for the spin Hall angle in platinum [11, 12,28, 58-61]. The
range of Agp in platinum is the smallest of the three but still spans an order of mag-
nitude, 1nm < Agp < 14nm [12,28,57,60,62,63]. Of course all of these values are
interconnected, so an underestimation in one parameter usually leads to an overesti-
mation of another value to account for the measured effect amplitude. In this chapter,
we put forward a careful analysis of the dependence of the electrically detected spin

pumping signal Vg, in different yttrium iron garnet (YIG)/Pt bilayers' on the thick-

'In this and the following sections, we use “ferromagnetic” as a synonym for “exchange coupled”,
which also includes ferrimagnetic materials. A more rigorous treatment of ferrimagnetic spin
pumping will be given in chapter 5.1

17
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nesses of the YIG as well as the Pt layer. We find a consistent set of values for g™
of yttrium iron garnet/platinum interfaces, and sy and Agp of platinum. The elec-
trically dependent spin pumping data presented in this chapter has also been used to
experimentally show that the spin mixing conductance is common to spin pumping,
the spin Seebeck effect, and the spin Hall magnetoresistance [57], and has also been
published in the spin pumping study [44]

In the course of this thesis, electrically detected spin pumping experiments were
performed on a series of thin film YIG /Pt bilayers. The thickness of the Pt was varied
between 1.3nm and 20nm, at constant YIG thickness of about 55nm. In addition
the YIG thickness was also varied, between 16 nm and 200 nm. A list of samples used
in the following analysis can be found in appendix A.

A direct measurement of g™ using FMR linewidth measurements performed as a
function of YIG film thickness performed at Regensburg University [44] yields a value
for the spin mixing conductance of g™ = 9.7 x 101 m~2. The advantage of determin-
ing the value of g™ using ’damping detected spin pumping’ is that the measurement
technique does not depend on either sy or Asp. We here describe the corresponding
electrically detected spin pumping experiments performed at the WMI, on samples
that were fabricated analogously to the samples used in damping detected spin pump-
ing. We then analyze the dependency of the spin pumping voltage measured on a series
of samples with differing Pt thicknesses, allowing us to determine the spin diffusion
length in platinum. In a last step, we can then extract fsy in platinum from our

measurements.

3.1 Experimental

The samples used in the experiments presented in this thesis were fabricated at the
WMI by Sibylle Meyer and Stephan Geprégs. A yttrium iron garnet thin film was
deposited by pulsed laser deposition either on single crystal gadolinium gallium garnet
or single crystal yttrium aluminum garnet substrates. Subsequently, electron beam
evaporation was used to cover the YIG film with a Pt layer. To improve the YIG /Pt
interface quality, the vacuum was not broken between the YIG and Pt deposition
steps. The finished samples were then diced into pieces of approximately L = 4 mm
and w = 1mm. They were inserted into a Bruker ER4108 TMH microwave cavity

resonator mounted between the pole shoes of an electromagnet. The microwave ra-
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Figure 3.1: Typical FMR and spin pumping data, measured simultaneously. (a) The
Lorentzian shaped FMR line is clearly evident at an external magnetic field
of By = 0.267T. The red and black lines are recorded for opposite magnetic
field polarities. (b) The Vg, spin pumping data recorded simultaneously with
the FMR also show Lorentzian peaks with the same center magnetic field and
linewidth as the FMR. However, the reversal of the external magnetic field
results in a sign change of V..

diation at the cavity frequency of 9.85 GHz is provided by a microwave source. The
reflection from the cavity is measured by a homodyne detection circuit designed in
the course of this thesis. This circuit allows us to record the FMR signal. Details of
the detection circuit can be found in appendix B. To measure the dc voltage V3. we
contacted the Pt layer at the short sides of the sample as shown in Fig. 2.3. V4. was
then measured using a nanovoltmeter.

In electrically detected spin pumping experiments, the external magnetic field is
swept, while simultaneously recording the FMR signal and Vg.. Typical data are
shown in Fig. 3.1. In Fig. 3.1(a), a Lorentzian shaped FMR line is clearly visible. It
does not change upon magnetic field reversal. Figure 3.1(b) shows the spin pumping
dc voltage recorded simultaneously. The spin pumping data show the same Lorentzian
peaks as the FMR data. Here, the reversal of the external magnetic field causes a sign
change in the polarization s of the pumped spin current and thus leads to a change of
the sign of the spin pumping voltage (see Eq. (2.13)). For each of the samples, with
different layer thicknesses tp; and tyig, spin pumping data are recorded. We fit the
Vie curves with a Lorentzian to extract the amplitude of the spin pumping voltage
at resonance and the FMR linewidth AB. The linewidth can be used to compute
the precession cone angle 6 of the magnetization according to Eq. (2.6). To this end,
the microwave magnetic field b; needs to be known. It was calibrated using power

dependent linewidth measurements on isotopically pure 2Si. At a microwave input
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power of 65 mW incident on the resonant cavity, the magnetic field was found to be
by = 0.032mT in the Bruker ER4108 TMH cavity resonator used in our experiments.
Although we carefully mounted each sample in the cavity, a small variation in sample
placement between the different samples could not be avoided. Thus, the microwave

magnetic field b, is expected to vary slightly, too.

3.2 Spin Diffusion Length and Spin Hall Angle in

Platinum

We now extract the spin diffusion length from the tpi-dependent spin pumping data.
Since all samples used in our experiments have been fabricated within two months
and in the same setup, we assume the parameters ¢'* and fsy to be the same in all

the samples for the purpose of this analysis. According to Eq. (2.14),
Vdc/(sinQ(H)Rw) = C)\SDn<tN; )\SD) tanh(tpt/(Q)\SD)) s (31)

where C' = eg™0sns=. The backflow correction factor n(tn, Asp) is (see Eq. (2.15))

n(tn, Asp) = (1 + ZQNp)\SDej coth (t—N)) 1 . (3.2)
h AsD

As a function of thickness, Vg./(sin?(§) Rw) depends on the thickness of the platinum
in first approximation as tanh(tx/2Asp). As we will later see, the backflow correc-
tion is small (n ~ 1). In Fig. 3.2, we plot Vi./(sin?(f) Rw) as a function of tp;. For
tpy < 3nm, Vg./(sin?(@) Rw) clearly increases. For tp; > 7nm, the V./(sin?() Rw)
data show no clear trend, but scatter around a constant value, due to different sample
placement in the cavity. A increase of Vg./(sin?(#) Rw) at tx < 2Asp and constant
Vae/ (sin®(0) Rw) for txy > 2Agp is expected for the tanh(tx/2Asp) dependence. To ex-
tract Agp accounting also for backflow correction, we now fit 7(tx, Asp) tanh(tx/2Asp)
to Vie/(sin?(9) Rw) (red line in Fig. 3.2). We use as constants as the spin mixing con-
ductance g™ = 10" m™2, as determined by FMR linewidth measurements of Ref. [44]
and the mean resistivity of all Pt films, p = 1075 Qm (the actual values are within a
factor of two around this mean value). The fit yields a spin diffusion length in Pt of
Asp = 1.6£0.5nm. There are two studies using dc transport (spin Hall magnetoresis-

tance, see also chapter 6) measurements [28,64| instead of spin pumping on samples
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Figure 3.2: . The spin pumping voltage V4. measured in electrically detected spin pumping;,
divided by the sample dependent values of sin?(f), the resistance R between
contacts, and the width w of the sample, as a function of the Pt thickness. The
data are fitted according to Eq. (3.1) to extract the spin diffusion length (see
text).

also fabricated at the WMI to determine the Agp, which find the very similar value
of 1.5nm. This shows the consistency of these measurement methods.

We can now extract the spin Hall angle using Eq. (2.14):

Vdc

eg™ Agp tanh <2§1;D> £ Rw sin®(6)

Ogn = , (3.3)

Since we have already determined the spin diffusion length to be 1.6 nm, the backflow
correction factor can be disregarded even for the sample with the lowest platinum
thickness tpy = 1.3nm. We therefore simply use n = 1 in the calculation of fsy.
In Fig. 3.3, we show the calculated spin Hall angles according to Eq. (3.3) as a
function of the Pt film thickness. Taking an average over the values measured on the
different samples, we find that sy = 0.06 £ 0.04. The dc transport experiments of
Refs. |28, 64| find a larger spin Hall angle of fsy = 0.10 — 0.11, on the upper end of
the range of fsy determined here. This discrepancy is most likely due to experimental
error. In particular, the exact determination of the microwave magnetic field b; seems
a likely source of error. The introduction of the samples with a magnetic layer and
an electrically conducting film as well as the metal leads needed to measure the spin
pumping voltage into the microwave resonator alters the electromagnetic mode inside
the cavity. This changes the microwave magnetic fields relative to those determined in

the calibration experiment and lead to a systematic, sample-independent error. The
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Figure 3.3: The spin Hall angle fgp as a function of Pt thicknesses calculated according to
Eq.(3.3) from the spin pumping voltage in electrically detected spin pumping
experiments as a function of the Pt thickness tpy.

sample independent error does not impact the determination of Agp, since it does not
change the tanh dependency of Vy./(sin?(f)Rw). However, the sample independent
error leads to an uncertainty in the spin Hall angle fgy, since it depends on sin®(6) =2
An overestimate of the microwave magnetic field in the resonator thus leads to an
underestimate for the spin Hall angle fsy, which might explain the slight discrepancy
between our result and the dc transport results of Refs. |28, 64].

Since the different samples cannot be mounted in exactly the same place, there is
also a sample dependent statistical error. In the determination of Agy, the statistical
error leads an error in Vy./(sin*(0) Rw), negatively impacting the fit quality of the fit
to Eq. (3.1) (See Fig. 3.2). The statistical error also can be easily seen in the scatter

of Fig. 3.3 of the values of fgy for the different samples around the average value.

3.3 Dependence of Spin Pumping on the YIG

thickness

The preceding analysis is based on the assumption that spin pumping is a pure in-
terface effect. The spin mixing conductance g™, in other words, is thought to be the

same, irrespective of the thickness of the ferromagnet or the normal metal thicknesses.

To test this hypothesis, we also performed electrically detected spin pumping ex-

periments on YIG /Pt bilayers with differing YIG thicknesses. The results are shown



Section 3.4

Conclusions 23

8 [ T T T T T T
7 N u . -
<_6F .
€ sk ]
i 4 - -
Z 3 __ n 1
2 2F .
CD'I [ = u ]
0 [ =¥ H N 1 N 1 N 1 ]

0 50 100 150 200
L (nm)

Figure 3.4: The spin mixing conductance calculated from the spin pumping voltage in a
variety of YIG /Pt samples as a function of the YIG thickness tyig.

in Fig. 3.4, where we calculate the spin mixing conductance g™ as a function of tyiq,
using the values of sy and Agp identified in the previous analysis. The graph can be
loosely split in two parts: In the regime of tyig < 60nm, ¢ is constant within a fac-
tor of 3. This factor of 3 can be explained by considering that the sample fabrication
process is not sufficiently optimized to guarantee completely reproducible interfaces.
Furthermore, as already explained above, the exact positioning of the sample in the
cavity also impacts b; and thus Vg, and also leads to an uncertainty in g'~.

However in the regime with tyiq > 60nm, g™ increases strongly with tyig. Ex-
perimental uncertainty or fabrication variations are insufficient to explain this strong
increase in by about an order of magnitude for ty;¢ = 200nm. This is surprising,
since spin pumping is modeled as a purely interface-related effect, and g™ should only
depend on the interface quality, not the sample thickness. The strong increase in g™
to YIG film thicknesses of 200 nm suggests that this may be an oversimplification. In
any case, a more systematic study of the YIG thickness in YIG /Pt bilayers is neces-
sary to explore the precise dependency of ¢™ on tyiq, which would then help find an

explanation for the strong increase of g™ with YIG thickness.

3.4 Conclusions

We performed electrically detected spin pumping measurements on YIG/Pt bilayer
samples with varying layer thicknesses of both the YIG and Pt layers. Combined
with damping detected spin pumping data measured at Regensburg University, which

fix the spin-mixing conductance g™ of YIG/Pt interfaces, the measurements allow



Chapter 3
24 Spin Pumping on Yttrium Iron Garnet/Platinum Bilayers

us to determine the spin diffusion length Agp = 1.6 & 0.5nm and spin Hall angle
Osy = 0.06+0.04. The comparison with Agp and fsy as determined from dc transport
(spin Hall magnetoresistance) measurements shows that both methods can be used
in a complementary fashion. In principle, the method of using spin pumping to
determine Agp and fsy can be applied to other normal metals (e.g. Au, Ta, Pd) as
well.

In spin pumping experiments, where the thickness of the YIG layer is varied, we also
find that at thicknesses tyig > 60 nm, the spin mixing conductance g“ is strongly en-
hanced. The conventional model of spin pumping does not predict this enhancement,

necessitating further, systematic YIG thickness dependent spin pumping experiments.
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Spin Pumping in the Strong
Coupling Regime

Spin pumping measurements, like those described in Sect. 3 are usually performed
in the weak coupling limit, meaning that even in resonance, the magnetic specimen
under study only slightly perturbs the properties of the microwave circuitry used. The
microwave power driving the resonance is then described in terms of the ac magnetic
field by, which acts on the magnetization. This implies that the magnetic system
and the microwave cavity can be treated as two independent entities. However, if
the coupling rate geg, which describes the transfer of energy between the microwave
cavity and the magnetic system, exceeds both the relaxation rates s of the magnetic
system and k of the microwave cavity, strong coupling is reached (Fig. 4.1). In the
strong coupling limit, the microwave cavity and the magnetic system are no longer
independent. Instead, a cavity-ferromagnet superposition state is formed. This is
similar to atoms hybridizing to form a molecule. In the frequency and magnetic
field dependent spectrum of such a system, the hybridization into the superposition
state is accompanied by a characteristic anticrossing of the dispersion lines w. of the
microwave cavity and ws(B) of the magnetic resonance (see Fig. 4.1(b)). The super-
position states can be tuned by an applied magnetic field By. At the ferromagnetic
resonance field Bpyr, the frequencies of the cavity and spin system are the same
we = ws(Brmr), and the microwave cavity and magnetic system states are fully hy-
bridized. If By is tuned so that ws(By) is different by more than the coupling rate from
w, the cavity and spin system can be excited separately in a pure (cavity or magnetic)
state. If this pure state is subsequently transformed into a hybridized state by tuning

the magnetic field, the excitation will periodically transform from a 'photon-like’ to a
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Figure 4.1: Coupling between a spin ensemble and a microwave cavity. (a) An ensemble
of spins (red) is coupled to a microwave cavity mode (green). The cavity is
driven by an external microwave source. The cavity and spin ensemble relax
with relaxation rates & and s, respectively. If the coupling between the cavity
and spin ensemble geg exceeds both k and ~s, strong coupling is reached. (b)
In strong coupling, the magnetic field dependent frequency dispersion ws(B) of
the spin ensemble and w. of the cavity form an anticrossing.

'magnetic-like’ state and back [65]. These periodic oscillations are usually observed by
measuring time-dependently the microwave signals emitted from the microwave res-
onator |65-67|. In a spin pumping experiment in which a ferromagnet/normal metal
bilayer sample is strongly coupled to a microwave cavity, it should be possible to also
measure the excitation state of the ferromagnet through the spin pumping voltage,
completing the picture. Pumped spin currents will occur only during those periods of
time in which the cavity-ferromagnet superposition state is 'magnetic-like’, while in
those periods of time in which the superposition state is ’photon-like’, there should
be no magnetization excitation and thus also no spin current. Taking advantage of
the inverse spin Hall effect to monitor the magnitude of the spin current, it is possible
to simultaneously but separately study the 'magnetic-like’ and the 'photon-like’ exci-
tation states in time-resolved spin pumping experiments in the strong coupling limit.
In such an approach, the magnetization dynamics viz. the magnetic-like excitations
would be detected via the inverse spin Hall signal while the microwave cavity dy-
namics viz. the photon-like excitations would be observed via the conventional FMR,
signal. However, before attempting such time-resolved spin pumping experiments in
the strong coupling limit, it must first be established that the spin pumping scheme
indeed is operational in the strong coupling limit.

Although the magnetic coupling of resonator modes to a spin ensemble is typically

small, it has been proposed that the coupling can be enhanced by increasing the
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number of polarized spins in the microwave resonator [68|. This concept has been
extended to the coupling of a ferromagnet to a resonator [69,70]. The coupling
rate geg scales as the square root of number of polarized spins Ny coupled to the
cavity [71-74]

et = GoV/ NS7 (4'1)

where g is the coupling rate of a single spin to the microwave cavity. The advantages
of ferromagnets are that the spins in a ferromagnet are nearly completely polarized
even at room temperature and the number of spins per volume is typically much
larger than that in paramagnetic spin ensembles. Varying the volume of the magnetic
specimens makes it possible to intentionally work in the weak or the strong coupling
regime.

Strong coupling between a resonator and a ferromagnet was realized experimentally
at the WMI |74]. In particular, we were able to couple a piece of YIG strongly to
a superconducting coplanar waveguide resonator. The evaluation of these data was
performed in the course of this thesis. Recently, more experimental and theoretical
work was performed on the coupling of YIG to a microwave cavity resonator |[65,75,76].

In this section, we explore spin pumping in the strong coupling regime. We first
develop a model, which allows us to predict the expected FMR. as well as spin pump-
ing signals in the weak and strong coupling limits. We then perform a continous wave
spectroscopy experiment, where we simultaneously record both the conventional FMR
signal as well as the ISHE-detected dc spin pumping signal of two qualitatively dif-
ferent YIG/Pt bilayer samples in a CW FMR spectrometer: One sample features a
180nm thick YIG thin film, covered by a thin platinum layer. This sample allows
us to experimentally explore the weakly coupled regime. The other YIG /Pt hybrid
sample is based on a bulk YIG crystal. The much larger volume of the ferromagnet in
this sample enhances the coupling strength relative to the thin film sample, so that we
can work in the strongly coupled regime. In contrast to the superconducting coplanar
waveguide resonator used in Ref. [74], we use a microwave cavity resonator, enabling
experiments at room temperature. Nevertheless, the cavity still has a sufficiently low

relaxation rate s to be suitable for strong coupling experiments.
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4.1 Theoretical considerations

We follow the approach laid out in Refs. [77,78] for calculating the well-established
input-output formalism, which describes the microwave signal from the cavity coupled
to the spin system. We expand this treatment to derive quantitatively the excitation
of a spin system coupled to that cavity, from which we infer the magnitude of the
expected spin pumping signal. The Hamiltonian of Eq. (4.2) represents the complete
system, consisting of a microwave drive and bath, the cavity, the spin system, as well

as their respective interactions:
H = Hpath + Hoe + Hro - (4.2)

The first term on the right-hand side of Eq. (4.2),

Hiatn = g bibg , (4.3)

q

describes the bath of microwave photons outside the cavity (in the feedline), including
the incoming drive signal. The operators b:;, b, are ladder operators for the bath
photons. The index ¢ identifies the modes in the bath. w, is the frequency belonging
to the state ¢ of the feedline photons. The interaction between bath and photons in
the cavity is modeled by

Hie = —zhz (f,a'b, — f;bza) , (4.4)

where a', a are the raising and lowering operators for the cavity and f, is the transition
matrix element describing the creation of a cavity photon with the simultaneous
annihilation of a bath photon. Only the cavity photons can interact with the spin
system. The cavity photons, spin excitations and their interaction are governed by

the so-called Tavis-Cummings Hamiltonian [72]:
Hrc = hwea'a + hwss's + hgeg(sTa + a's) . (4.5)

Here, w. is the cavity resonant frequency and ws is the FMR frequency of the spin
system. s' and s are the raising and lowering operators for the spin system. In

particular, we treat the excitations in the spin system as if they were bosonic. For
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large spin ensembles (Ng > 1) this approach is known as the Holstein-Primakoff
approximation [79]. In detail, a spin ensemble of large scale can be treated as a
macrospin with a quantum number S with its corresponding 25 + 1 equally spaced
energy levels (when a magnetic field is applied). As long as the number of bosonic
excitations does not exceed 25, the energy spectrum thus is very similar to that of
a harmonic oscillator. It is important to note that ws = gugB/h, the spacing of the
energy levels, is magnetic field dependent.

In the Heisenberg interaction picture, we next derive the equations of motion for

a, by, and s:

.
a :ﬁ[H’ al = —Wea — 1GefS — Zq: f4bq (4.6)
. 7 %

by :?_L[’H, by = —wb, + fra (4.7)
5 :%[H, S| = —1wsS — 1gegra . (4.8)

We solve Eq. (4.7), in terms of the initial state at ¢y of the bath and in terms of the
final state of the bath at t:

t
by(t) = e_w‘?(t_tO)bq(to) + fy | dr e~ walt=")q (1) (4.9)

to
t1
by(t) = eat1=8p, () — f;‘/ dre (=g (7). (4.10)
¢
From Eq. (4.9), it follows that
D faba(t) =) faeT T, (1)
q q

t
+ / dre e =a() Y | fy|? e lame)tmT) (4.11)
to q

Via Fermi’s Golden Rule, the external coupling constant k. between the resonator

and the feedline can be related to the matrix element f:

2ke(we) = 2 Z |fq’2 p(wq) , (4.12)
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where p(w,) is the density of states. In the case of a cavity resonator with only a

single mode,
p(wg) = 6(we — wg) - (4.13)

Note that the dimension of p(w,) is seconds. Assuming the transition probability
and the matrix elements are constant with respect to frequency and time (Markov

approximation), a Fourier transform of Eq. (4.12) yields:

2ke6(t — 7) Z\fq|2 —Uwamwe)(t=T) (4.14)

Inserting Eq. (4.14) into Eq. (4.11), we find:

Z fqbq = V2Ke biy + Keat . (4.15)
q
where we have defined the 'input mode’
1
bin(t) = —= > e =10, (1) . (4.16)
V2Tp p

bin(t) is can be anticipated as a microwave field moving toward the cavity in the
feedline.

By using the solution of Eq. (4.10) instead of Eq. (4.9), we can analogously derive

Z fqbq =V 2'%6 bout + KeQ . (417)
q

Here,
bout (t

mZ walt=0p, (1) (4.18)

is the 'output’ mode, interpreted as the field moving away from the cavity in the
feedline. Equations (4.17) and (4.15) together yield:

bout = bin + V2Ke @ . (4.19)
Inserting Eq. (4.15) into the equations of motion Eqgs. (4.6) yields:

4 = =Wl — Kol — 10ofS — V/ 2Ke bin (4.20)
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As we can see, from a the point of view of the cavity, the interaction with the bath
leads to a linear damping term (second term in Eq. (4.20)). In a real cavity resonator,
excitation can be lost by interaction with bath, or with the spin system. It can also
be lost due to internal resonator damping which is not included in the Hamiltonian
of Eq. (4.2). At this point, we account for this internal damping mechanism by
introducing k.a to the right side of Eq. (4.20), where &, is the internal relaxation rate

of the cavity:
a4 = —wea — (Ke + Ke)@ — 1geffS — V/ 2Ke biy - (4.21)

The value kK = k. + K. is the total relaxation rate of the cavity. In the same fashion, a

relaxation term for the spin system is added. The equation of motion for s is therefore:
§ = —1WsS — VsS — 1Jeff @ - (4.22)

With Eqgs. (4.21) and (4.22), we calculate the states of the cavity and spin system in
frequency space, as a function of the input field b;,. With

alt) = ——=> e “a(w) (4.23)
s(t) = — Z e il s(w) (4.24)

]‘ —W, 1 2wWqlo
bin(t):EZe at 7 w0h, (to) (4.25)

=bin(w)

1 1
bout (t) = —— Y ™! %e“"q“bq(tl) . (4.26)

=bout (W)

a(w) = 2Hie b (w), (4.27)

1w —we) — (Ke + Ke) + (ge—“

(w—ws)—s

and
= deﬁ”\/Q_ffe (o
e (Uw = we) = (Fe + Ke)) (1w — ws) — %) + g2 bine) (4.28)
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Using Eq. (4.27) together with Eq. (4.19), we derive the power reflected at the mi-

crowave cavity relative to the power incident on the cavity,

2Ke
— |1+ : , (4.29)

2
1w —we) — (Ke + Ke) + W_%ﬁ

which is known as the input-output formalism [78]. For spin pumping, we are inter-

ested in the number of magnetic excitations

Nexs(w) = s's

_ Pin deff\/2_'%e 2
= hw (Z(W — ws) — ’}/S)<Z(w — wc) — (/{c + /436)) + 9623 ) (430)

where we have used

P = hwb] (w)bin(w) - (4.31)

As laid out in Sect. 2.2, the amount of angular momentum transported from the
ferromagnet to the normal metal in spin pumping is proportional to sin2(9), where 6
is the magnetization precession cone angle (see Eq. (2.11)). Note that sin?(6) is only
proportional to the dc damping torque and thus the spin current in the classical limit,
when Ng > 1 (see also chapter 5.1). We now relate the number of excitations in the
spin system to the precession cone angle. In a single domain ferromagnet, the spin
behaves just like a one large spin, with S = N, where S is the spin quantum number.

The precession cone angle of such a system is given by (see Fig. 4.2)

_ JUNs = Nexs) (4.32)

h/S(S+1)°
where (S) is the expectation value of the total angular momentum of the spin system

and (S,) is the expectation value of its z-component. M is the magnetic quantum
number —S < M < S. For Ny > 1 and Nexs < Ny Eq. (4.32) simplifies to:
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Figure 4.2: Trajectory of a spin system with in a magnetic field in z direction (quantization
axis). The precession cone angle 6 can be inferred from the expectation value
hy/S(S + 1) of the total angular momentum S (sphere) and its z-component
S, hM , where M is the magnetic quantum number. In a ferromagnet, S > 1
and there are 25 4 1 quasi-continuous states.

(4.33)

This means that the spin pumping voltage generated is directly proportional to Nexs.

Since all variables determining N s are accessible in a frequency and magnetic
field dependent FMR experiment (see below), Eq. (4.33) can in principle also be used
to calibrate the microwave magnetic field b; in the resonator in the presence of a
sample, via § = b;/AB (See Chapter 2.2). This is otherwise difficult, since any ac
magnetic field measurement device that is inserted into the resonator will also perturb
the cavity resonance mode.

Using Eqs. (2.14), and (4.33) we calculate the spin pumping voltage as

N w Nexs(w, wy)
Vip(w, ws) = 2eg"™*OsAsp tanh —Rw—22 2 4.34
p (W, ws) €9 "UsuAsp tan (2)\513) 5l N (4.34)
where the resonance frequency of the spin system ws is a function of the external
magnetic field B and internal (anisotropy) magnetic fields. If the external magnetic

fields are larger than the internal magnetic fields, wy is approximately linear in the
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external magnetic field
Ws = We + "}/(B — BFMR) s (435)

where Bpygr is the FMR resonance field at the cavity frequency w. and ~ is the
gyromagnetic ratio.

Summing up, the input-output formalism together with Eq. (4.30) allows us to
calculate the cavity-like and the magnetic-like (spin pumping) signal of the coupled
spin-cavity system, in both the weak and the strong coupling limit, as a function of

frequency and applied magnetic field.

4.1.1 Weak Coupling

In this section we will simulate the microwave reflection |Sy1(w)|* as well as the spin
pumping voltage, using Eqs. (4.29) and (4.34) for a spin system weakly coupled to a
microwave cavity. The simulation is done using parameters which will be as similar
as possible to the parameters of the experiment described below in section 4.2.1,
performed on a YIG(180nm)/Pt(7nm) bilayer sample. This will help us compare
the model introduced here to experiment. In chapter 3, we have already determined
the parameters relevant for spin pumping in that sample, g™, Agp, and fgy. All
other necessary parameters are derived from the experiment described in section 4.2.1.
This ensures that the results of the calculation done in this section can easily be
compared to the experimental data presented below. The parameters use are compiled
in Tab. 4.1.

Figure 4.3(a) shows |Si1(w)|?, i.e. a measure for the microwave power reflected from
the cavity, in a false color plot. The (nearly magnetic-field independent) cavity ab-
sorption appears at w, as a horizontal line, with a half width half maximum (HWHM)
linewidth of (k. + k). The impact of the spin system on the cavity dispersion is not
discernible in the false color representation of Fig. 4.3(a), since the spin system only
weakly perturbs the cavity in this limit. However, upon plotting the change in reso-
nance frequency from the unperturbed cavity frequency Aw in Fig. 4.3(c) and change
in cavity linewidth Ax in Fig. 4.3(d), it becomes clear that the spin system indeed
slightly alters the cavity properties. The resonant frequency of the coupled system
changes slightly as a function of magnetic field, increasing and then decreasing. The
linewidth of the system peaks at Bpygr, which is marked by a blue line in Fig. 4.3(c,d).

Both changes are only in the range of a few tens of kHz, which is small compared to
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Figure 4.3: Simulation of a frequency and magnetic field dependent spin pumping exper-
iment using a magnetic thin film sample. The relatively low number of spins
in the magnetic thin film results to a weak coupling between cavity and spin
system. The parameters used in the calculation are listed in Tab. 4.1. (a) Mi-
crowave reflection |S11|? calculated using Eq. (4.29). |S11|? is shown in a false
color plot as a function of external magnetic field and microwave frequency.
(b) Spin pumping voltage a function of magnetic field and frequency of the
same system calculated using Eq. (4.34). (c¢) Change of frequency Aw from the
unperturbed cavity mode as a function of external magnetic field. (d) Change
of the cavity resonance frequency Aw as a function of the applied magnetic
field.
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the FMR linewidth (MHz) and the FMR resonant frequencies (GHz). However, the
change of the cavity frequency and the change in cavity quality factor still result in a
change in amplitude of the reflected microwave signal. This is the quantity studied in
conventional, cavity-based, fixed frequency CW magnetic resonance experiments [80].

The spin pumping voltage Vj, is calculated from Eq. (4.34) and is depicted as a
function of magnetic field and microwave frequency in a false color plot in Fig. 4.3(b).
Clearly, the spin system is only excited in ferromagnetic resonance, where spin pump-
ing appears as a nearly vertical line at Bpyr = 0.27T. The magnitude of the spin
pumping voltage is strongest at the cavity frequency w. and weakens with increasing
frequency detuning, due to the filtering of the microwave radiation by the cavity. The
maximum spin pumping voltage is Vi, max = 17 4V at the FMR resonance field Bruvr
and at the cavity frequency w.. Figures 4.3(a) and (b) show that in the weakly cou-
pled case, the microwave reflection and the spin pumping voltage are complementary.
The former is a measure of the photon-like excitation in the cavity, while the latter

is a measure of the excitation of the spin system.

Table 4.1: Parameters used in the calculations shown in Figs. 4.3 (weak coupling) and 4.4
(strong coupling)

weak coupling strong coupling

we/(2m) (GHz) 9.85 9.85
Ke/(2m) (MHz) 1.3 1.15
ke/(27) (MHz) 1.3 1.15
ger/(270) (MHz) 3 150
~/(27) (MHz) 336 100
Bewg (T) 0.27 0.35
g™ (10" m~?) 7 1
Osu 0.06 0.06
Asp (nm) 1.6 1.6
R (Q) 180 600
w (mm) 0.8 1

7 3
1016 10%

tx(nm)
Ny
P (mW) 7.5 7.5
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Figure 4.4: (a) Calculated microwave reflection |S11|? of a strongly coupled microwave
cavity - spin system according to Eq. (4.29). The parameters used in the
calculation are given in Tab. 4.1. |S11]? is shown in a false color plot as a
function of external magnetic field and microwave frequency. (b) Calculated
spin pumping voltage Vi, of the same system according to Eq. (4.34).

4.1.2 Strong Coupling

The separate treatment of cavity and spin system is no longer applicable in the
strongly coupled case. A simulation of a strongly coupled system is presented in
Fig. 4.4, using the corresponding parameters from Tab. 4.1. Again, the parameters
are chosen to model the experiment presented below. As evident from the microwave
reflection |Sy;(w)|” in Fig. 4.4(a), the cavity absorption is no longer continuous as a
function of the magnetic field, but interrupted by a clear anticrossing in the field-
frequency region where the cavity and spin system dispersions would intersect. The

two resonance frequencies of the coupled cavity-spin system

A1
W12 = We + 5 + 5 A2 + 4ggﬂ (436)

can be found by diagonalizing the Hamiltonian of Eq. (4.5). Here, A = v(B — Brug)-
The frequency splitting of the upper and lower branches of the dispersion at the FMR
field is 2geg. The |S11(w)|” signal intensity again diminishes farther away from the
cavity frequency due to the filtering of the cavity.

In the spin pumping voltage amplitude V4, shown in Fig. 4.4(b), the anticrossing

of the dispersions is also visible. The magnitude of the spin pumping voltage is
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however very small, only reaching about 60nV. This value is reached on the point of
FMR resonance dispersion of the coupled system which is closest to w. = ws. The
magnitude of the spin excitation is decreasing upon detuning from resonance, both
on the magnetic field and the frequency axes. Detuning of the frequency results in a
decrease of photon number in the cavity and thus in a decreased excitation of the spin
system. A detuning in the field makes the coupled spin-cavity system more cavity-
like, also resulting in a reduced pumped spin current. The maximum spin pumping
voltage Vipmax = 600V which can be achieved is smaller than in the weakly coupled
case (Vipmax = 17 V) by about two orders of magnitude, with otherwise comparable
parameters. An intuitive explanation is that the microwave magnetic field in the
cavity excites a greater number of spins in larger pieces of ferromagnet. Since only
the spins at ferromagnet/normal metal the interface contribute to the pumped spin
current [33], much of the excitation in the spin system does not generate any pumped
spin current. The excitation of the spins far from the interface is ’lost’. This is
true even though the coupling of the microwave radiation to the spin system is more
efficient in large spin systems. More quantitatively, we can calculate the maximum
spin pumping voltage as a function of Ny by inserting Eq. (4.30) into Eq. (4.34), and
evaluating this expression at the frequency and magnetic field where V, is maximum.

We find
2

(ggNs + Ys(Ke + Ke))?

Vip X (4.37)

for vs(ke + Ke) > g% and
1

0.8
298]\[8'75(/% + Hc)

Vep (4.38)

for vs(ke + Ke) < g% Except when g2 is considerably smaller than ~s(ke + £c), an
increase in ferromagnet size, and therefore Ny and ges, leads to a decrease in maximum
observable spin pumping voltage. This is illustrated in Fig. 4.5, where the maximum
spin pumping voltage Vi, max (at the optimal frequency and magnetic field) is shown
as a function of gZ%.

To sum up, in the strongly coupled case the cavity and spin excitations are no
longer independent of each other. Instead, in the region of the anticrossing both the
cavity and the spin system are simultaneously excited by the incoming microwave
radiation. Spin pumping is predicted to be much less efficient in bulk samples than

in thin film samples.
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Figure 4.5: Maximum measurable spin pumping voltage Vi, max as a function of the square
of the effective coupling rate gzﬁ, which is proportional to the number of spins
Ns in the ferromagnet.
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Figure 4.6: (a) Sample #1: A 180 nm thick, (111)-oriented yttrium iron garnet (YIG) thin
film, epitaxially grown on a gadolinium gallium garnet (GGG) substrate. A
7nm Pt film is evaporated in situ on top of the YIG thin film. (b) sample #2:
A 50 nm thick, (111)-oriented YIG thin film, epitaxially grown on a 1 mm thick
YIG single crystaline substrate. A 3nm Pt film is evaporated in situ on top
of the YIG thin film. The external magnetic field is applied in the film plane
and the spin pumping voltage V. is measured perpendicularly to the magnetic
field.

4.2 Experimental Results

We now compare our model calculations to experiment. To that end, we measure the
microwave reflection as well as the spin pumping voltage on two different samples.
Sample # 1 is shown schematically in Fig. 4.6(a): it consists of a 180 nm thick YIG
film deposited on a (111)-oriented single-crystalline gadolinum gallium garnet (GGG)
substrate using laser-MBE [81]. After the YIG growth, the sample was transferred to
an electron beam evaporation chamber without breaking the vacuum and a Pt film
with a thickness of 7nm was deposited onto the YIG, as described in more detail

in Ref. [28]. After removal from the deposition system, the sample was diced into
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rectangular pieces with lateral dimensions of 0.8 x 3mm?. For a spin density in

YIG of psyic = 2 x 10*2cm™2 [82], the number of spins present in such a sample is
Nsq =~ 1016,

Sample # 2 is shown schematically in Fig. 4.6(b): it consists of a 50 nm thick YIG
film grown by laser-MBE on a 1mm thick, (111) oriented bulk YIG single crystal.
Subsequently, we evaporated a 3nm Pt film on top, again without breaking the vac-
uum. This homoepitaxy step is used in sample preparation, because it guarantees
that the YIG/Pt interface is clean, thereby enhancing spin pumping over the inter-
face. Sample # 2 was diced to lateral dimensions of 1 x 5mm?, which corresponds to
a number of spins of Nyo ~ 10%° such that Ny &~ 10* x N;;. This means that the
coupling of the cavity mode to sample # 2 is expected to be enhanced by a factor of
100 = v/10* relative to sample # 1 (see Eq. (4.1)).

The FMR and spin pumping measurements were performed in a CW cavity based
magnetic resonance spectrometer, using a Bruker ER4108 TMH microwave cavity
operating at w./(2m) = 9.85 GHz. Using an iris at the input port of the microwave
cavity, the external coupling rate k. was tuned to be the same as k. (crtical coupling).
A magnetic field of up to £1 T was applied via an electromagnet in the plane of the
Pt films. The FMR and spin pumping data were recorded with an Agilent N5242A
vector network analyzer (VNA) emitting microwave radiation at a power level of
P, = 20dBm. Direct current leads were connected to the sample perpendicular to
the applied magnetic field (See Fig. 4.6). The spin pumping dc voltage induced by
the excitation of the spin system was amplified using a Stanford Research SR 560
differential preamplifier and then recorded using the auxiliary input port of the VNA.
In this way it is possible to simultaneously measure the microwave reflection S;; and
the dc voltage generated by the inverse spin Hall effect. The data were acquired as
a series of microwave frequency sweeps at each external magnetic field B, i.e. the
magnetic field was set to a given constant value and Si;(w, B) and Vi.(w, B) were
recorded. Subsequently the magnetic field was set to the next value. The power
deposited into the microwave cavity is ideally proportional to the quantity P, (1 —
|S11|%). However, losses also occur in the feedline. Since there were no calibration
standards available for the Bruker cavity /waveguide, only uncalibrated measurements
were possible, meaning that the characteristics of the used microwave feedline is visible

in the recorded spectra.
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Figure 4.7: (a) Measured microwave reflection |S11|? of the microwave cavity thin film
sample #1 in the weak coupling limit. |S11|? is shown in a false color plot as
a function of external magnetic field and microwave frequency. (b) Measured
spin pumping voltage Vg, of sample #1, in a false color plot. (¢) Change of
the cavity resonance frequency w. as a function of applied magnetic field. we
is extracted from the data by fitting a Lorentzian to each frequency cut.(d)
Change of the frequency linewidth k. of the cavity mode as a function of
external magnetic field extracted with the same fit. The arrows A-A, B-B, and
C-C indicate the cuts shown in Fig. 4.8.

4.2.1 180nm YIG/7nm Pt bilayer

In Figure 4.7(a), the microwave reflection |Sy;|? of sample #1 is presented as a func-
tion of frequency and magnetic field strength in a false color plot. The most promi-
nent feature in the data of Fig. 4.7(a) is the absorption line of the cavity at a fre-
quency of w./(27) = 9.848 GHz. The cavity resonance frequency for each applied
magnetic field value is extracted by performing a Lorentzian fit along the frequency
axis. Fig. 4.7(c) shows Aw. = w.(B) — w.(B = 0) thus obtained. The resonance fre-
quency changes slightly when the applied magnetic field is varied, as expected from

our model calculations (Fig. 4.3(a)). More precisely, the resonance frequency changes
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by less than 20 kHz, which is much less than the half width half maximum cavity
linewidth x,(27) = 2.6 MHz. The cavity linewidth also changes slightly, but system-
atically as a function of the magnetic field strength, as can be seen in Fig. 4.7(d).
The linewidth is maximum at the resonance field, Bpyr = £0.27 T, indicated by blue
arrows in Fig. 4.7(c,d). The change in linewidth is also small compared to the abso-
lute linewidth of the resonance. Taken together, both w. and k. show the behavior
typical for the weak coupling limit. The evolution of w. and x with the magnetic field

strength allows us to quantify the effective coupling, by fitting them to |83, 84]:

We = We,0 — QSHA/(AQ + 752) (439)
K = Ko+ glefﬁ)/S/(Az + 752) ’ (4'40)

where w.o and kg are the frequency and relaxation rate of the microwave cavity at
By = 0. A = yyi¢(B — Bpygr) is the detuning and vyig = 1.76 x 10! Ts™! is the
gyromagnetic ratio of YIG. In this way we estimate the effective coupling of the spin
system to the cavity to be g.g& = 3 MHz. We also extract the damping constant of the
spin system, 7, = 360 MHz. In the recorded spectra, the microwave reflection |Si;|?,
far away from the cavity resonance frequency ideally should be 1 (total reflection).
In our recorded spectra, the maximum reflection |S11,max|2 = 0.6. This is the effect
of the uncalibrated feedline, allowing us to quantify the losses in the cable. The loss
ratio of the feedline is L = \/[Si1max|2 = 0.78. The square root is due to the fact
that the microwave passes the feedline twice in a reflection experiment. This allows
us to compute the power incident at the resonator as P, L = 78 mW.

Figure 4.7(b) depicts the dc voltage V. measured simultaneously with Sj; in false
color. A finite voltage is observed only around the FMR resonance fields. For neg-
ative magnetic fields the sign of the dc voltage is opposite to the one for positive
magnetic fields. This is the behavior expected for an ISHE voltage induced by spin
pumping: the ISHE voltage is driven by the spin dynamics and thus appears only
upon ferromagnetic resonance. With the inversion of the magnetic field, which leads
to an inversion of the polarisation of the spin current, the ISHE Voltage changes sign.
Like the microwave absorption data, the experimental spin pumping data are fully
consistent with the model calculations shown in Fig. 4.3.

For a more quantitative comparison, the FMR and the spin pumping signals are
shown in Fig. 4.8(a) as a function of magnetic field at a constant microwave frequency
we/(2m) = 9.85 GHz indicated with arrows ’A-A’ in Fig. 4.7(a,b). These spectra corre-
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Figure 4.8: Measured microwave reflection |S11|? and spin pumping voltage Vg in sample
# 1. (a) Magnetic field-dependent microwave reflection and spin pumping
voltage at constant frequency of w./(2m) = 9.848 GHz. The lineshape of Vg is
the same as for the microwave reflection signal. The sign of V4. changes when
the appied magnetic field is inverted. (b),(c) Frequency-dependent microwave
reflection and spin pumping voltage at constant magnetic fields. At an off-
resonant magnetic field (panel (b)), no spin pumping voltage is measured. At
Brur (panel (c)), the spin pumping signal is clearly visible.

spond to the ones taken in "conventional", fixed-frequency, CW magnetic resonance
spectrometers and exhibit the same features [12,85]: [S11]?, the a measure of the
FMR intensity, exhibits a peak in resonance. The spin pumping voltage also shows
an extremum with identical line shape at the same resonance fields as the FMR,
but inverts sign under magnetic field inversion. Because the cavity and spins are
only weakly coupled, the FMR magnetic field linewidth of ABpyr = 0.012T re-
flects the damping of the YIG spin system alone (the cavity quality is not magnetic
field-dependent). Under the assumption of weak coupling, we can calculate the re-
laxation rate v of the spin simply as v/(27) = YABpmr = 336 MHz. This value
is consistent with the one determined by a fit of the linewidth to Eq. (4.40) above,
again verifying the assumption of weak coupling. It is also much larger than the
coupling of only 3 MHz between the cavity and spin system. Under the assumption
that the damping of the spin system is exclusively viscous (Gilbert-like), one obtains
a Gilbert damping parameter of a = YyicABpyr/w = 0.034, with the gyromag-
netic ratio yyig/(27) = 28 GHz/T.Note that this value of « is an upper estimate,
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since any frequency-independent contribution to the damping in effect will reduce the
magnitude of a.

The magnitude of the ISHE spin pumping voltage is 23 4V at resonance which is in
good approximation predicted in the calculation of Fig. 4.3. The slight discrepancy
may be due to uncertainty in the determination of the YIG film thickness of sample
#1, which is calculated from YIG deposition rate and time.

To analyze the properties of the cavity, we show cuts at fixed magnetic field as a
function of frequency in Figs. 4.8(b,c). These fixed fields are indicated with arrows
'‘B-B’ and "C-C’ in Fig. 4.7(a,b). At an off-resonant fixed field 'B-B’ in (Fig. 4.8(b)),
only the cavity absorption at w. = 9.848 GHz with a linewidth of Aw./(27) = 2.6 MHz
is observed in the microwave signal, while there is no signal in V.. In the on-resonant
case 'C-C’ at Bpyr shown in Fig. 4.8(c), the cavity resonance position and linewidth
are the same as in the off-resonant case. Additionally, an ISHE voltage signal with
the same lineshape as that of the cavity absorption is found, showing the excitation
of the spin system in resonance.

In summary, in the weak coupling limit, both the FMR and the spin pumping
signals observed in experiment are qualitatively and quantitatively consistent with

the corresponding theoretical expectations.

4.2.2 1mm YIG/3nm Pt bilayer

We now turn to sample #2, which is more strongly coupled to the cavity, due to
the much larger number of spins Ng,. Due to the appearance of an anticrossing, it
is necessary to take data over a much larger frequency range than those in Fig. 4.7.
In this much larger frequency window, standing wave interference patterns from the
microwave feedline are visible. To better analyze the properties of the cavity and
spin system, we subtract the feedline background. This is illustrated in Fig. 4.9.
In Fig. 4.9(a), we show the microwave reflection data as measured. We clearly see
the standing wave resonance from the feedline as horizontal stripes, overlaying the
measurement signal from the coupled cavity and spin system. These standing wave
resonances are independent of the applied magnetic field. The raw (as measured)
15112 (w) data at B = 0.303T for w/(2m) < 9.853GHz and at B = 0.390 T for
w/(2m) > 9.853 GHz (red lines in Fig. 4.9(a)) show only the signature of these stand-
ing waves, and only negligible signal from the coupled spin-cavity system. We thus

can subtract these data (Fig. 4.9(b)) from all other measured data at the respective



Section 4.2
Ezxperimental Results 45

0.6
0.5
04
03 =
02—
0.1

0.6
0.5 '§
0.4 3
03 5
025
018

0.1

9.9 ‘ 0.2_:
. [%2)]
9.8 » 03 <
0.4
9.7 05

02 025 03 035 04 045 05
Magnetic Field (T)

Figure 4.9: (a) |S11]? (raw data). The red lines denote show the frequency field pairs chosen
for background subtraction. (b) background to be subtracted. (c) [S11]? the
backgound is subtracted. The data are the same as shown in Fig. 4.10(a).

frequencies and obtain the "background-free’ A|S;;|*> shown Fig. 4.9(c).

In Figure 4.10(a) the experimental microwave reflection data are displayed in a false
color plot as a function of microwave frequency and applied magnetic field, over the
whole measurement range. They are qualitatively different from the weak coupling
regime (Fig. 4.7). The cavity absorption line, as predicted by our model (Fig. 4.4), is
no longer continuous, but interrupted by several anticrossings. These clear distortions
in the cavity dispersion are quantitative evidence that the system is not in the weak
coupling limit. This is expected considering that the coupling is enhanced by a factor
100 compared to sample #1. In contrast to our calculation of Fig. 4.4, we see a series
of anticrossings in Fig. 4.10(a), rather than a single anticrossing. These result from
the coupling of the cavity to the uniform FMR mode as well as to several spin wave
resonance modes that are excited in the bulk YIG. The coupling strengths, deduced
from the gaps of the anticrossings, vary for the different resonances.

Unfortunately, the multitude of spin wave resonance modes impedes a quantitative

determination of the coupling strength by a fit according to Eq. (4.36), since the
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Figure 4.10: (a) measured microwave reflection A|S11|? of the bulk YIG /Pt sample (#2).
A|S11|? is shown in a false color plot as a function of external magnetic field
and microwave frequency. An anticrossing in the dispersions of cavity and
spin is clearly visible. (b) measured spin pumping voltage Vg, of sample #2.
Vi follows the dispersion of the coupled cavity-spin system.

spin wave modes overlap, such that it is impossible to determine the exact number
and resonant properties of these modes. It is thus difficult to reliably quantify the
linewidth of the resonances of the spin system or their coupling to the cavity. We
can estimate the coupling constant g.g as 100 times the coupling strength of sample
#1, geg = 3MHz x 100 = 300 MHz, due to the larger number of spins in sample
#2. However, the coupling strength also depends on the ac magnetic field and thus
the sample placement in the cavity, meaning ge.s = 300 MHz is only a reference. The
linewidth ~5 of bulk YIG (sample #2) is smaller by at least a factor of ten than that
of sample #1, as determined by independent FMR experiments. Together with the
approximately constant cavity relaxation rate, this suggests that strong coupling is
reached in the FMR and spin pumping experiments performed on sample #2.

Figure 4.10(b) shows the dc voltage, recorded simultaneously with the microwave
reflection data. Here, we find a dc voltage at spectral locations where microwave
absorption is observed, with clearly resolved anticrossings. The sign of the voltage is
positive for negative magnetic fields and negative for positive magnetic fields, consis-
tent with a dc voltage arising from an ISHE voltage due to a pumped spin current,
as already discussed in the context of Figs. 4.7 and 4.8 for sample #1.

Comparing the measured dc voltage data of Fig. 4.10(b) to the simulation of
Fig. 4.4(b), we find that there are qualitative and quantitative differences. First,
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Figure 4.11: Spin Seebeck voltage signal calculated from absorbed microwave power.

the voltage persists at applied magnetic fields far larger and smaller than the reso-
nance field. This is contrary to our model calculation, where the spin pumping dc
voltage is only appears at frequency and magnetic field values close to the anticross-
ing, where the excited mode is partly magnetic-like. Second, the maximum magnitude
of the measured dc voltage is approximately 6 ¢V, larger than the theoretically pre-
dicted magnitude of 60nV in Fig. 4.4(b) by a factor of 100. Third, comparing the
intensities of the dc voltage at magnetic fields lower than Bpygr with the dc voltage
at magnetic fields higher than Bpyg, the data show a voltage of considerably lower
magnitude on the lower field side of the anticrossing. This is contrary to our simu-
lation of the spin excitation shown in Fig. 4.10(b), where the intensity is the same
on both sides of the anticrossing. All of these observations lead us to the conclusion
that the recorded dc voltage is not due to spin pumping. In addition to the excitation
of the magnetization by absorption of microwave power, it can also be excited by a
temperature gradient between the Pt film and the YIG. Similar to spin pumping, this
also gives rise to the emission of a spin current into the Pt layer, with a polarization
also along the direction of the magnetization in the ferromagnet. This is the longi-
tudinal spin Seebeck effect (SSE). The spin current due to the SSE also generates a
dc ISHE voltage, which changes polarity upon magnetic field inversion [17-23|. The
temperature gradient driving the SSE voltage is due to an ac current induced in the
Pt film by the microwave electric field in the resonator, causing Joule heating [86].
In a very simple model, the magnitude of the thermal gradient is proportional to
the power absorbed by the cavity. The amount of microwave power absorbed by the
coupled cavity-spin system can be inferred from the microwave absorption spectrum
in Fig. 4.10(a). However, the SSE voltage cannot be calculated quantitatively, since
the proportionality factor between the absorbed power and the temperature gradient
that drives the SSE is not known. This factor depends on the distribution of the
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Figure 4.12: Measured microwave reflection |S11|? and spin pumping voltage Vg in sam-
ple # 2 at constant magnetic fields indicated by the arrows D, E, F, G in
Fig. 4.10: The linewidth of the cavity mode as well as the resonance fre-
quency are strongly dependent on the applied magnetic field, consistent with
strong coupling. The magnitude of V. varies with applied magnetic field.

electric and magnetic fields in the loaded cavity and the sample position in the cavity.
To completely suppress the SSE in a spin pumping experiment, a microwave cavity
that does not feature any microwave electric field at the sample position has to be
used for the spin pumping experiment. Since the SSE induced voltage also depends
on the orientation of the magnetization in the YIG, it is predicted to change sign
upon inversion of the magnetic field, as is observed in our experiment. Based on the
reflection spectrum of Fig. 4.10(a), from which the absorbed power can be inferred,
we calculate the relative magnitude of the SSE signal (proportional to the absorbed
power) in Fig. 4.11. It reproduces many of the features observed in the dc voltage of
Fig. 4.10(b). It shows the same anticrossings in the dc voltage, and the dc voltage
appears over the whole magnetic field range. The dc voltage signal observed in exper-
iment (Fig. 4.10(b)) is thus consistent with a SSE-induced ISHE voltage (Fig. 4.11).
However, SSE cannot account for the lower magnitude of the magnitude of the volt-
age at magnetic fields smaller than the anticrossing field (|By| < 0.37T), compared
to magnetic fields larger than the anticrossing field (|By| > 0.4T), which is a feature
that appears in Fig. 4.10(b), but not in Fig. 4.11. Finally, we would like to point out
that in a narrow magnetic field window around B = £0.3T an inversion of the sign
of the dc voltage also is observed. We have no explanation for this effect.

We now turn to frequency cuts at constant magnetic field shown in Fig. 4.12.
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These constant magnetic fields are indicated by arrows 'D-D’, ’E-E’, "F-F’, and 'G-G’
respectively in Fig. 4.10(a,b). In contrast to the data presented in Fig. 4.8 for the
weakly coupled case, cuts at constant magnetic field show the characteristics of the
combined cavity spin system, since the coupling is now much stronger. Therefore, it
is sufficient to consider frequency cuts at constant field, since the characteristics of
both the spin system and cavity can be seen in these frequency cuts.

At By = —0.7T (Fig. 4.12(a)) a sharp resonance can be seen at the cavity frequency
of 9.85 GHz. The linewidth is that of the cavity alone, Aw./(27) = 2.3 MHz. The
linewidth increases to Aw/(2w) = 5.3MHz at By = —04T (Fig. 4.12(b)), due to
the increasing mixing with the spin system, which is more strongly damped. The
resonance field is shifted toward lower frequencies. After the anticrossing, at By =
—0.307 T (Fig. 4.12(c)), the resonance frequency is shifted to higher frequencies while
the dc voltage unexpectedly has a negative sign, as already mentioned above. At
By = —0.15T (Fig. 4.12(d)), the resonance linewidth of Aw./(27) = 2.3 MHz again
reflects that of the cavity alone. There is a non-vanishing positive dc voltage, but it
is smaller than at By = —0.7T.

The frequency cuts clearly illustrate that near the anticrossing, neither a mea-
surement at fixed frequency nor a measurement at constant field will yield all the
information about the spin system or microwave cavity. Instead both will show char-

acteristics of the mixed system.

4.3 Conclusions

We have presented a study of the spin pumping not only as a function of the magnetic
field but also of the microwave frequency in thin film YIG/Pt bilayer samples and
bulk YIG/Pt bilayers samples. The increase of the volume of the YIG layer from thin
film to bulk increases the coupling of the magnetic system to the microwave cavity
in which the experiment takes place. When the magnetic system is of sufficiently
large volume so that the effective coupling rate exceeds both the relaxation rates
of the cavity and the spin system, the spin system and the cavity hybridize and
strong coupling is reached. We have developed a theoretical model that quantitatively
predicts the amplitude of the resulting spin pumping voltage and is valid for both
the weak coupling and the strong coupling regime. This model also allows us to

calculate the spin pumping voltage signal from the observed FMR signal, additionally
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requiring only the knowledge of the spin mixing conductance of the interface, the spin
Hall angle, and the spin diffusion length of the normal metal. Our model shows
that to observe spin pumping in the strong coupling regime, the volume of the YIG
crystal needs to be balanced between too small and too large: On the one hand,
for a system to be in the strongly coupled regime, the ferromagnet needs to be of a
certain size, enhancing the coupling. On the other hand, the larger the volume of the
ferromagnet, the smaller the spin pumping spin current and the spin pumping voltage
will be. Data from electrically detected spin pumping experiments performed on a
thin film YIG/Pt bilayer sample are in good quantitative agreement with our model.
When repeating the frequency and magnetic field dependent FMR and dc voltage
measurements with a YIG(bulk)/Pt bilayer sample, we observe the anticrossing that
is expected in strong coupling, in both the FMR signal and the dc voltage signal.
However, the dc signal does not have the signature consistent with spin pumping in
strong coupling, as predicted by our model. The observed voltage is instead attributed
to the spin Seebeck effect, induced by microwave current Joule heating of the Pt layer
of the sample.

Furthermore, we show that in standard EPR cavities, with typical cavity relaxation
rates of a few MHz, low damping magnetic systems such as YIG, with linewidths as low
as ABpyr ~ 0.05mT = 1.5 MHz [87|, cannot be described in terms of weak coupling
anymore, already for relatively low YIG film thicknesses of a few micrometers. Such
YIG films may already be coupled strongly enough to the microwave cavity that
the weak coupling limit, in which the relaxation rates of the spin system and the
microwave cavity far exceed their coupling rate, is no longer applicable. In particular,
this leads to an appreciable modulation of the cavity frequency as well as the cavity
linewidth near ferromagnetic resonance fields, which has to be accounted for in the
evaluation of FMR and spin pumping experiments. In these cases, FMR and spin
pumping experiments should be performed not only as a function of magnetic field
but also as a function of frequency to obtain an accurate picture of the spin resonance
phenomena in the system and to account for the coupling effects.

When measuring only at the microwave cavity frequency w., the dc voltage due to
the spin Seebeck effect could even be erroneously attributed to spin pumping: At the
resonant field of the spin system, the signal disappears due to the anticrossing. This
signature is similar to a peak appearing at the resonant field of the spin system due

to spin pumping.
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To reduce the impact of the spin Seebeck voltage and thus simplify the analysis of
the spin pumping voltage, the strong coupling spin pumping experiments should be
performed in a microwave cavity with a very small microwave electric field at the sam-
ple position. Such a cavity has recently become available at the WMI. Furthermore,
using a YIG crystal featuring a smaller FMR linewidth, which allows the reduction
of sample size (and thus coupling strength) while still maintaining strong coupling,
should make the spin pumping signal observable also in the strongly coupled regime.
YIG films fabricated using liquid-phase epitaxy |88] are promising for this purpose,
as they have very low damping and can be grown sufficiently thick to enable strong
coupling. In the next step, time domain measurements of the spin pumping voltage
could be considered.

To conclude, we here describe and test a model which allows for the calculation
of the magnetic field and frequency dependent spin pumping voltage from the FMR
reflection spectrum. It is thus an important tool to confirm spin pumping as the
source of any measured dc voltage, and to distinguish it from voltages generated by

the spin Seebeck effect or microwave rectification.






Chapter 5

Spin Pumping in Multi-Sublattice
Magnetic Systems

5.1 Spin Pumping in the Compensating
Ferrimagnet Gds;FesOq,

In Chapters 3 and 4, we discussed electrically detected spin pumping on yttrium iron
garnet (YIG), a ferrimagnet. We have seen that the polarity of the pumped spin
current, and the measured dc voltage depend on the magnetization orientation of
the magnetic material. However, ferrimagnets comprise at least two magnetic sub-
lattices, which are antiparallelly aligned by exchange interaction. In a two-sublattice
ferrimagnet like YIG, the respective sublattice magnetizations M; and M, are not
of equal magnitude, such that a total magnetization M., = M; — M, prevails. In
spin current-based experiments in ferrimagnets to date, this total magnetization is
assumed to determine the polarization of the spin current flowing across the ferri-
magnet /normal metal interface [21,89-91]. In other words, ferrimagnets have been
treated the same as ferromagnets, with a magnetization M.

Not only spin pumping, but also spin Seebeck effect experiments have been analyzed
in this fashion [17-23|. Qualitatively, the spin Seebeck effect is very similar to spin
pumping. In both cases, the magnetic system is driven out of equilibrium, which
results in a spin current being pumped into an adjacent normal metal layer. In the
case of spin pumping, the excitation of the magnetic system is due to the absorption
of microwave radiation. In the spin Seebeck effect, the non-equilibrium state is due
to a thermal gradient between the normal metal and the magnetic material.

Recently, spin Seebeck experiments have been performed on gadolinium iron gar-

23
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Figure 5.1: Sublattice and total magnetizations of gadolinuium iron garnet as a function
of temperature in an external magnetic field By. At the compensation temper-
ature Ty, the total magnetization vanishes and the sublattices magnetizations
are reoriented.

net/platinum bilayers |92]. Gadolinium iron garnet (GdsFe;O1a, GdIG) is a ferri-
magnet with three magnetic sublattices, the octahedrally coordinated Fe(III) ions
(d-lattice sites), the tetrahedrally coordinated Fe(III) ions (a-lattice sites), and the
Gd(III) ions (c-lattice sites), respectively (see Fig. 5.1) [93,94]. The sublattice ex-
change interaction within the Gd lattice is much weaker than in the Fe lattices.
Therefore, the magnetization of the Gd sublattice is strongly temperature dependent
between room temperature and cryogenic temperatures, whereas those of the Fe sub-
lattices are much less affected. Since the magnetization of the Gd sublattice strongly
increases with decreasing tempeature, at a compensation temperature 7Ty; the Gd
magnetization becomes equal to the magnetization of the combined Fe sublattices,
and the total magnetization vanishes. In the following, we will refer to such ferri-
magnets with a magnetic compensation point as 'compensating ferrimagnets’ [93,95].
While the total magnetization is at all temperatures aligned along the magnetic field,
in SSE experiments performed as a function of temperature on GdIG/Pt bilayers, two
sign changes in the ISHE voltage were observed [92]. Clearly, the simple net magne-
tization based interpretation used in YIG and NiFe;O4 to date is no longer sufficient
to explain the direction of the spin current polarization. Interestingly, neither spin

pumping experiments nor theoretical predictions of pumped spin currents have been
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put forward to date for compensating ferrimagnet /normal metal heterostructures.

This motivates the development of a model for spin pumping across a ferrimag-
net/normal metal interface. We focus on the ferromagnetic mode of the ferrimagnet’s
magnetization dynamics [96,97]. Our approach explicitly takes into account the more
complex magnetic sublattice configuration of the ferrimagnet, and is based on angular
momentum conservation. We find that the polarization orientation of the pumped dc
spin current depends on the effective gyromagnetic ratio of the ferrimagnet. We use
this model to analyze our experimental data, obtained from a simultaneous measure-
ment of both the electrically detected spin pumping and the spin Seebeck voltages in
a yttrium and indium doped gadolinium iron garnet/platinum (InYGdIG/Pt) bilayer
as a function of temperature from 6 K up to 295 K. InYGAIG features a compensa-
tion temperature of 85 K, which is easily accessible in our experimental setup. The
temperature dependent voltage signal due to spin pumping is consistent with our
model predictions, while the temperature dependent spin Seebeck signal is not. We
thus conclude that resonance modes other than the ferromagnetic mode significantly
contribute to the spin Seebeck spin current. The experimental work described in this
section has been mainly performed by Kathrin Ganzhorn in the course of her mas-
ter’s thesis [98], which I supervised. The results of chapter 5.1 will be published as
Ref. [99].

This section is organized as follows: In section 5.1.1, we develop the model describ-
ing the interface spin current generated by spin pumping, focusing on the ferromag-
netic mode in ferrimagnets. In section 5.1.2, we discuss the temperature dependence
of the orientation of the spin current polarization as a function of temperature in a
compensating ferrimagnet. In section 5.1.3, we characterize our sample, an indium
and yttrium doped GdIG /Pt bilayer, using SQUID magnetometry. We present the
experimental setup used for measuring electrically detected spin pumping and spin
Seebeck effect voltages simultaneously, on the same sample. In section 5.1.4, we show
the dc voltage data as a function of external magnetic field at various temperatures
above and below compensation temperature. We discuss the contributions to this
voltage due to spin pumping, the spin Seebeck effect, and microwave rectification.
In section 5.1.5, we discuss the temperature dependence of the spin pumping and
spin Seebeck amplitudes and compare them to our model predictions. Finally, we

summarize our results in section 5.1.6.
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Figure 5.2: Precession modes in (a) a ferromagnet, (b) a ferrimagnet. (a) In a ferromag-
net the angular momentum precesses around the magnetic field axis. Damping
from the lattice and spin pumping results in a torque perpendicular to the
angular momentum and the precession direction, which diminishes the preces-
sion cone angle #. The change of angular momentum in the magnetic field
direction is responsible for a pumped spin current in a FM/N bilayer. (b) In a
ferrimagnet two sublattices are strongly antiferromagnetically coupled, so that
they are antiparallel to each other. In the ferromagnetic resonance mode of
a ferrimagnet, the angular momenta of the two sublattices stay antiparallel,
and precess around the magnetic field axis together. An effective damping
term, consisting of contributions from lattice damping and spin pumping in
both sublattices results in a torque perpendicular to the angular momentum
and the precession direction, which diminishes the precession cone angle 6.
At the same time 63 is increased. This changes the angular momentum along
the magnetic field direction in both sublattices. Since L; > Lo, there is a net
change in L., resulting in a pumped spin current.

5.1.1 Modeling Spin Pumping in Multi-Sublattice Systems

In this section we develop a model to describe spin pumping in multi-sublattice fer-
rimagnets as a function of temperature. In ferromagnets, which comprise only a
single magnetic lattice, spin pumping is usually modeled in the theory framework of
Tserkovnyak, Brataas and Bauer [32-34]. This framework has been extended to the
case of an easy axis antiferromagnet, featuring two identical magnetic sublattices,
by Cheng et al. [100]. In this extension, the dynamics of the two sublattice mag-
netizations add constructively to the pumped spin current. However, ferrimagnets
like GAIG possess more than two magnetic sublattices. Furthermore, their magnetic
properties are different. All of the sublattices can be involved in the spin pumping

process.
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In our model approach, we consider a steady state situation which applies to most
experimental situations. Here, the angular momentum continuously generated by an
external perturbation (ac magnetic field, temperature gradient) is removed by dissi-
pative effects. This dissipated angular momentum needs to be absorbed by another
system (e.g. the mechanical lattice). In this sense, in the following we loosely speak
about relying on angular momentum conservation to describe the pumped spin cur-
rent. We calculate the dissipated angular momentum of all magnetic sublattices in a
system using their individual precession trajectories. In spin pumping, a portion of
that angular momentum is ejected to the normal metal as a spin current. While we
focus on the ferromagnetic mode of the ferrimagnet, the approach can be generalized
and applied to more complicated magnetization excitations.

To clarify the angular momentum conservation approach, we start by expressing
the one-sublattice (ferromagnetic) spin pumping theory [32-34| explicitly in terms of
angular momentum conservation. In this limit, our model reproduces the results by
Tserkovnyak et al. In a second step, we then generalize our approach to systems with
more than one magnetic sublattice.

We first consider a ferromagnet that can be described by a single magnetic sublattice
with magnetization M. The magnetization dynamics are described by the Landau-
Lifschitz-Gilbert (LLG) equation [39]

M = 9M x B + =M x M. (5.1)

It is useful to rewrite Eq. (5.1) in terms of angular momentum, using the gyromagnetic
ratio 7y = —|y| = —(MV)/L:

LznyB—%LxL, (5.2)

where L = |L|. The angular momentum dynamics according to Eq. (5.2) consist
of two parts (see Fig. 5.2(a)): The first term defines the precessional motion of the
angular momentum around the effective field B = Be,. It describes the torque
that acts on the magnetic system due to the force exerted on the magnetization by
the magnetic field. Although the z- and y-components of the angular momentum
precess at a frequency w = B, the z-component is conserved (Fig. 5.2(a)). The
second term describes the damping of the angular momentum toward its equilibrium

position, antiparallel to B, with a damping constant a. In bulk ferromagnets, the
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torque inducing this relaxation is exerted by the lattice |39], thus the lattice acts as
an effective angular momentum sink. The spin pumping mechanism also generates
a damping torque, by transferring angular momentum to an adjacent normal metal
adjacent as a spin current [32]. The normal metal then also acts as a spin sink. In
the treatment of Tserkovnyak et al. [32-34], both lattice and spin pumping damping

give rise to a generalized (Gilbert) damping constant:
a=a+a, (5.3)

where o describes the lattice contribution, while o’ parametrizes the spin pumping
contribution.

Due to angular momentum conservation, the pumped dc spin current in the normal
metal is proportional to the rate of change of the z-component of the angular momen-
tum (torque) due to the second, damping, term in Eq. (5.2), with a proportionality
constant o’ /a. The identification of the additional damping torque generated by the

spin pumping with this spin current I, is the key idea of our model. We thus write:
I,=—L.—. (5.4)

This equation can be understood as a result of the partition of the dissipated angular
momentum into the normal metal versus the lattice. The pumped dc spin current
is the fraction dissipated into the normal metal. The spin current flow direction is
normal to the interface, going from the FM to the N. The spin current polarization
is along z, meaning positive spin current is polarized along +e,, while negative spin
current is polarized along —e,. For an increase of the angular momentum of the
magnetic system in positive z-direction, angular momentum polarized in negative
z-direction needs to be ejected from the magnetic system into the normal metal.

We now calculate the spin current based on Eq. (5.4) for a magnetic system with
only one magnetic lattice. The change in the z-component of the angular momentum
due to the damping term in Eq. (5.2) can then be expressed in terms of the precession
cone angle 6 (see Fig. 5.2(a)). Since L, = —cos(0)L, Eq. (5.4) becomes:

/

I,=-L sm(e)e% . (5.5)
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The evolution of the cone angle with time is determined by the LLG:
0 =sin(f)ayB . (5.6)
We insert Eq. (5.6) into Eq. (5.5), obtaining
I, = —sin®*(0)a/yBL. (5.7)

This expression is equivalent the one put forward by Tserkovnyak et al. which is
exactly the expression for the dc pumped spin current in a FM/N bilayer |11, 32].
Inserting the Eq. (2.8) for o’ and the electron gyromagnetic ratio —y = gug/h into
Eq. 5.7, we find Eq. (2.11), which was already introduced in chapter 2. The partition
principle of Eq. (5.4) therefore reproduces previous results.

We now extend this treatment to a system with two magnetic sublattices, using
the same concept as for the case of a single magnetic lattice. In general, the mag-
netic sublattices consist of different magnetic ions. Their magnetization M;, angular
momentum L;, gyromagnetic ratio 7;, and damping constants «; o, o, differ. The pre-
cession of a two sublattice system is described by two coupled LLG equations [96,97].

Assuming homogeneous excitations,

. e .
M; =y, M; x (B — fM,) + ﬁlm1 x M, (5.8)
1
. 6% .
M2 :’YQMQ X (B — ﬂMl) + MQMQ X M2 , (59)
2

where 8 > 0 is a mean field parameter, parameterizing the antiferromagnetic coupling
between the two sublattices. There are two eigenmodes [101,102|: The first is the
ferromagnetic mode, in which the sublattices align in opposite directions and precess
around the external magnetic field axis with precession cone angles that satisfy 6, +
0, = 7 (see Fig. 5.2(b)). This is similar to a simple ferromagnetic system. The other
mode is the exchange mode, where the angle between the sublattices differs from 180
degrees, and the sublattice magnetizations essentially precess around the exchange
fields —M; of the respective other magnetic sublattice.

We focus on the ferromagnetic mode in a ferrimagnet. This is the relevant case for
magnetic resonance experiments on ferrimagnetic systems at low (few to tens of GHz)
frequencies. By dividing Eq. (5.8) by 71 and Eq. (5.9) by 72 and then adding them,

the precession in the ferromagnetic mode in terms of an unit vector of magnetization
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p = M; /M, evolves as [97]

o= Yetpt X B+ aepr X f, (5.10)

with an effective gyromagnetic ratio [97]

_ MV _ —V(M; — My)
Lot Li—Ly

(5.11)

where V' is the volume of the ferrimagnet. The effective damping constant is [97]

OélLl + O[QLQ

12
. L, (5.12)

Qeff =

The total magnetization is My, = (M; — Ms)p. Analogously to the ferromagnetic
case, we express Eq. (5.10) in terms of angular momentum, or more precisely the unit

vector of the angular momentum A = L; /Ly,
A =YX X B — g A X A (5.13)

The sublattice damping constants, similar to the ferromagnetic case, consist of the

contributions from both lattice and spin pumping,
Q; = Q40 + Oé; . (514)

Similar to Eq. (5.4), we identify the dc pumped spin current as the z-component

change of the angular momentum due to spin pumping,

!
Is = _Lz,tot Coft (515)
Qleff
Using Lot = (Ly — Lg)}\ and Eq. (5.13), we find
I, = —sin®*(0) gV B(L1 — Ly), (5.16)

which corresponds to Eq. (5.7) for the ferromagnetic case. It follows that spin pumping
in ferrimagnets driven in the ferromagnetic mode can be described like a ferromagnet
with an effective angular momentum L, — Lo, an effective gyromagnetic ratio 7eg, and

an effective spin pumping damping constant a/4. Since at room temperature, o is of
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the same order of magnitude as in simple ferromagnets [90,91,103|, the magnitude of
spin pumping in ferrimagnets is similar to that in ferromagnets of a comparable total
angular momentum (magnetization). This result explains why the spin pumping from
yttrium iron garnet, a ferrimagnet, can be treated like a ferromagnet in spin pumping
experiments [21,89-91,103].

Equation (5.16) can be rewritten in terms of the sublattice damping constants, in

the form
I, = —sin®(0)yeg B(o/, Ly + o Ly) . (5.17)

This expression is a key result of our model. It shows that each sublattice pumps
angular momentum into the normal metal, with an amplitude given by their respec-
tive spin pumping damping constants o, (which are positive by definition). This
corresponds to the description of antiferromagnetic spin pumping in Ref. [100]. Con-
sidering the sign of the pumped spin current, however, Eq. (5.17) shows that it is
irrelevant which sublattice is in contact to the normal metal (or if both are). If one
sublattice does not pump any spin current, then one of the o/ in Eq. (5.17) is zero,
which decreases the spin pumping amplitude, but does not change the sign. More-
over, it also does not matter in which direction (parallel or antiparallel to the external
magnetic field) the pumping sublattice is oriented (note that L; and Lo in Eq. (5.17)
denote the magnitude of the sublattice angular momenta, which are positive by defi-
nition). Instead, the sign of the pumped spin current depends on the precession sense
of the magnetic system, which is given by 7.g. This is easily understood, because
et determines which microwave polarization, i.e which direction of angular momen-
tum, can be absorbed by the spin system from the microwave magnetic field driving
the magnetic resonance. Owing to angular momentum conservation, only angular
momentum absorbed by the magnetic system from the microwave can ultimately be
ejected into the normal metal as a spin current. Note finally that the internal damping
constants «; can be substantially smaller than the effective damping constants c.g
(see Eq. (5.12)). The effective damping constant ceg is measured directly in an FMR
experiment through the FMR linewidth, while the individual «; are more challenging
to quantify experimentally.

The model can easily be expanded to describe an arbitrary number of sublattices,

provided no canting occurs [104| (all sublattice angular momenta are either exactly
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parallel or exactly antiparallel to each other):

Ljor = —sin®(0)7ee B Y oL, (5.18)
with MoV —V ()M
Vet = L::: = Z,-(Zi)iL: a5 (5.19)
and
Qeff = Zaili (5.20)

>oi(E)iLi’

where (+); indicates if the sublattice is aligned parallelly or antiparallelly.

5.1.2 Temperature Dependence of the Pumped Spin Current

in a Compensating Ferrimagnet

We now apply the above model to predict the temperature dependence of the polar-
ization orientation of the pumped spin current in a compensating ferrimagnet. In a
compensating ferrimagnet the sublattice magnetizations M; have different tempera-
ture dependencies. We again use the notation in which M; denote the magnitudes of
the sublattice magnetizations, and are always positive. At the magnetization com-
pensation temperature Ty, the total magnetization vanishes, Mo = M; — My = 0.
Furthermore, there also is an angular momentum compensation temperature, 71,
where Lix = Ly — Ly = 0. Note that Ty # 11, if the gyromagnetic ratios of the
sublattices differ.

In Fig. 5.3(a), we show a calculation of the dependence of M and Ly on tem-
perature in a prototypical compensating ferrimagnet. The calculation is based on
the mean field model proposed by Dionne [93,105] to describe the magnetization of
doped GdIG. In order to better illustrate the different regimes, (i) 7' > Ty, Ty, (ii)
Ty < T < Ty, and (iii) T' < Ty, Ty, we chose different magnitudes for the gyro-
magnetic ratios of the sublattices, 7o = 0.69;!. This results in distinct compensation
temperatures, Ty, 11.. In our example, My > My and Ly > Ly at room temperature.
Upon lowering the temperature, My and Lo steadily increase. Since vy < 71, L1 = Lo
(or, equivalently, M; /v, = Ms/7s) is reached already at a higher temperature than
M, = M. Therefore, Ty, > Ty. We also calculate the effective gyromagnetic ratio

!The complete set of parameters used for the calculation is (in the nomenclature of Dionne [93,
105]):kq = 0.15, k, = 0.02 k. = 0.3, gpe = 2, and ggq = 1.2
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Figure 5.3: Model ferrimagnet composed of two sublattices with magnetizations M; and
My coupled antiferromagnetically. (a) Absolute values of Mo, and Lot as a
function of temperature. M and Lo vanish at their respective compensation
temperatures, Ty and 71, (b) Temperature dependence of e and ceg. (c-€)
Mlustration of the precession of the sublattices in the ferromagnetic mode in
three different temperature ranges: (c) 7' < Ty, T, (d) Ty < T < 11, (e)
T > Ty, 11, (f-h) Precession of the total magnetization and angular momentum
in the three different temperature ranges.
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Vet and effective damping constant e according to Eqs. (5.11) and (5.12). These
are shown in Fig. 5.3(b). The precession of the single sublattice magnetizations M;
and angular momenta L; in all three regimes is sketched in Figs. 5.3(c-e). We also
show the qualitative precession of the total magnetization M, and total angular
momentum Ly, in the same three regimes (Figs. 5.3(f-h)).

Above T1,, My is along M, and Ly is antiparallel to My, along Ly (Figs. 5.3(e)
and (h)). We see that this results in a negative v.¢. The precession is therefore right-
handed. The effective damping constant aeg, given by Eq. (5.20), is positive in this
regime. According to Eq. (5.10), one finds that the damping works to align M; (and
the total magnetization M) along B, and thus aligns Ly antiparallelly to B.

Between 71, and Ty (Figs. 5.3(d) and (g)), 7es is positive. This has two conse-
quences. First, M and L, are now parallel to each other, and second the magneti-
zation precession is left-handed. This should result in a change of the polarization of
the pumped spin current (see Eq. (5.17)). The reason for this sign change is appar-
ent in Fig. 5.3(g). The damping still tries to align M; (and the total magnetization
M;,t) along B. (Note that the sign of a.g is negative under these conditions, which is
mandatory to maintain the damping-like character considering that the precession di-
rection has inverted, too). The z-projection of the change of total angular momentum
Ltot’z is inverted relative to the situation in Fig. 5.3(h).

The regime below Ty (Figs. 5.3(¢) and (f)) is very similar to the one above 17,, with
all label indices (1,2) exchanged. A negative ¢ results in right-handed precession.
In this case 7.g and aeg are of the same sign. The damping therefore aligns p in
the direction opposite the external magnetic field. Ms, which is antiparallel to p is
aligned along B. Since the total magnetization below Ty is parallel to Ms, the total
magnetization M, is damped toward the external magnetic field. The polarization
of the pumped spin current is the same as in the temperatures above 71,. Note that
if the polarization of the pumped spin current depended on the orientation of the
individual sublattices, we would expect the opposite spin current polarization in this
regime as compared to T > Ty, TL.

In summary, our model predicts a sign change in electrically detected spin pump-
ing, i.e. a reversal of the pumped spin current spin polarization, exclusively in the
temperature range between Ty and 7y. The sign of spin pumping is the same for
T > Ty, Ty, and for T' < Ty, 11, even though the sublattices have swapped orienta-
tions. (Figs. 5.3(c) and (e)) This holds irrespective of the values of «; (see Eq. (5.17)).
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Figure 5.4: Magnetization of the InYGdIG /Pt bilayer as a function of temperature mea-
sured using SQUID magnetometry in an external magnetic field of 1 T. The
magnetization compensation temperature Ty = 85.5K is clearly evident as
a dip in the M (T') evolution. The arrows represent the relative orientations
of the Fe d-sublattice (black) the Fe a-sublattice (red), and the Gd sublattice
(green), respectively.

5.1.3 Sample and Experimental Setup

We studied spin pumping in the compensating ferrimagnetic insulator InY GdIG, due
to the low ferromagnetic resonance linewidth of the material, as well as its convenient
compensation temperature of about 85 K. The InYGAIG/Pt bilayer was fabricated
by growing a 62 nm thick InYGdIG film on a (111)-oriented yttrium aluminum garnet
substrate using laser MBE. The In/Fe ratio of the target was 1:4, while the Y/Gd ratio
was 1:2. After the growth process, the sample was transferred to an electron beam
evaporation chamber without breaking the vacuum, where a 3.6 nm thick platinum
film was deposited onto the InYGdIG layer. From the 5 x 5mm? sample fabricated
this way we cut a 1.9 x 5mm? piece for use in our experiments. The sample was
prepared in close analogy to the samples discussed in Ref. [92].

The magnetic properties of the bilayer were studied via SQUID magnetometry, in
an external magnetic field of 1T applied in the thin film plane. The total magneti-
zation M, is plotted as a function of temperature in Fig. 5.4. It shows the typical
behavior for this class of compensating ferrimagnets [106,107]: The d-lattice magne-
tization (black arrow) is antiparallel to the a-(red arrow) and c- lattice (green arrow)
magnetizations. The net Fe magnetization is largely independent of temperature in
the investigated temperature range due to the strong exchange coupling. At room
temperature, it exceeds the Gd magnetization, and is aligned to the external mag-
netic field. Upon lowering the temperature, the magnetization of the Gd sublattice
increases strongly. Due to the much weaker exchange coupling it follows a Brillouin-

type behavior of an exchange-enhanced paramagnet. At a certain temperature, the
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Figure 5.5: Schematic view of the GAIG/Pt bilayer. At ferromagnetic resonance condi-
tions, the magnetization precesses, resulting in a spin current Issp from the
GdIG into the Pt (spin pumping). A microwave current flowing in the Pt gives
rise to a temperature gradient, leading to a pumped spin current of Is ssi, due
to the spin Seebeck effect. Both spin currents are detected by conversion into
charge currents by the ISHE and detection as a voltage through the electrical
connections on the short sides of the Pt layer.

magnetization compensation temperature Ty (with 7y = 85.5 K in our case), the Gd
magnetization equals the net iron magnetization. At 7' < Ty, the Gd magnetization
aligns to the applied magnetic field while the net iron magnetization (which now is
smaller than the Gd one) is antiparallel to the external magnetic field.

For the electrical measurements of the bilayers, the Pt film was contacted at the
short sides (see Fig. 6.2). The sample was then inserted into a Bruker 4118X-MD5
microwave cavity resonator, with a resonance frequency of we/(27) = 9.7 GHz. The
microwave radiation at a power of 63 mW was provided by an Agilent E8257D mi-
crowave source. An external magnetic field of —0.6 T < By < 0.6 T was applied in
the plane of the bilayer, along the short side of the sample. Ferromagnetic resonance
was recorded by measuring the microwave reflection from the cavity using homodyne
detection.

When sweeping the external magnetic field, FMR is excited at the resonance field
in the InYGAIG which gives rise to a spin current flowing from the resonantly excited
InYGAIG to the Pt (spin pumping, see Fig. 6.2). This spin current is converted into
a charge current due to the inverse spin hall effect (ISHE) and then detected as a dc
voltage V., using a nanovoltmeter connected to the contacts on the Pt. While the
sample is carefully placed at the minimum of the microwave electric field in the cavity,
the microwave electric field is not zero over the whole sample volume and metallic

contacts. This leads to an induced microwave current in the Pt layer, resulting in
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Joule heating of the Pt. Consequently, a thermal gradient from the InYGdIG to the
Pt develops, giving rise to a spin Seebeck spin current (see Fig. 6.2) [86]. This spin
current is also observed by measuring the resulting ISHE voltage. The resonator was
placed in a He flow cryostat during the experiments, so that the temperature could
be adjusted between 4K and 300 K. We performed dc voltage measurements as a
function of external magnetic field By at various, fixed temperatures. Due to the
heating of the sample by the microwave current, the cryostat temperature is lower
than the sample temperature in our experiments. By comparing the SSE amplitudes
measured at different input power and different cryostat temperatures near the com-
pensation temperature, we estimate that the sample temperature exceeds the cryostat
temperature by 18 K at a microwave power of 63 mW, and an indicated cryostat base
temperature of 70 K. However, this temperature difference may vary with cryostat
base temperature, which is why we only state the cryostat temperature (and not the
sample temperature) in our results presented below. This, and the difference of ap-
plied external magnetic fields, leads to a discrepancy in compensation temperatures

when comparing the SQUID magnetization and the dc voltage data.

5.1.4 Experimental Results

In Fig. 5.6, we show the dc voltage data measured at selected temperatures, both for
a magnetic field upsweep and a downsweep. These voltage signals consist of three
separate contributions: A spin Seebeck voltage Vsgg, a spin pumping voltage Vsp and
a microwave rectification voltage Voyr. At a fixed temperature, Vssg is dependent
on the direction of the total magnetization in the ferrimagnet. Therefore, this signal
changes its sign upon field inversion, showing a characteristic hysteresis reminiscent
of the hysteresis in the M(H) curve. It can phenomenologically be modeled by a

modified Langevin function:

(5.21)

Vo = g (MBI Y

sinh((By — B.)/s) By — B

where By is the external magnetic field, B, is the coercive field, s parametrizes the
slope of the hysteresis, and Agsg is the amplitude of the spin Seebeck effect, defined
as half the difference between the saturation SSE signal at positive and negative Bj.

The spin pumping voltage Vgp is characterized by symmetric Lorentzian peaks

localized at the FMR resonance fields. They invert their sign upon magnetization
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Figure 5.6: DC voltage measurement at various temperatures for a magnetic field upsweep
and downsweep (black line). The resonance fields are indicated by black arrows.
The red lines are fits according to Eq. (5.24).

reversal [12,85]. Thus Vsp can be modeled as

ASPABz ASPAB2

Vep = —
¥ (By — Bres)2 + AB2  (By + Bre)? + AB?’

(5.22)

where B, is the FMR resonance field, AB is the FMR linewidth, and Agp is the
amplitude of the Lorentzian spin pumping signal at positive magnetic field.

The microwave rectification voltage Vgyr is caused by a microwave current in the
Pt, combined with a modulation of the resistance of the platinum at the same fre-
quency. In conducting ferromagnets this phenomenon is well known and the mod-
ulation is due to anisotropic magnetoresistance (AMR) [52-54]. Recently, the same
effect has also been shown to exist in ferromagnetic insulator/normal metal bilay-
ers showing spin Hall magnetoresistance (SMR), where the SMR substitutes for the
AMR [55,56]. The modulation of the Pt resistance is strongest near the resonance

fields, because the precession amplitude of the magnetization is greatest near reso-
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nance. This leads to a signal that is centered around the FMR resonance fields, just
like spin pumping. The line shape of Vsyr is a combination an antisymmetric (peak-
dip) shape around the resonance field and a Lorentzian (symmetric line shape). The
amplitude and the polarity of both the symmetric and antisymmetric contributions
to Vsumr depend on the phase difference between the microwave current in the Pt and
the microwave magnetic field, as well as the orientation of the sample relative to the
external magnetic field By and the microwave magnetic field [56,108,109]. Since it
is virtually impossible to completely suppress rectification effects, in particular since
rectification only linearly scales with the FMR linewidth, we take into account a Vaugr
which consists of a symmetric part Vours as well as an antisymmetric part Vomg,a-
Since the symmetric part of Vg unfortunately shows the same symmetry as Vsp
(Eq. (5.22)) and thus cannot be easily distinguished from spin pumping voltage, we
therefore can only extract the total symmetric voltage signal, Vs = Vgp + Vamr s, With

an amplitude Ag. The antisymmetric part of Vgur can be expressed as [56,108,109|

. _ AAAB(By— Bio)  AAAB(Boy + Bres)
SMRA By — Bres)? + AB? ' (By + Bres)? + AB?

(5.23)

Here, A, is the amplitude of the antisymmetic Lorentzian type voltage. All contribu-
tions, Vssg, Vs, and Vsyg,. are evident in Fig. 5.6 (a), where we show the DC voltage
data recorded at a base temperature of 10 K. At the resonance fields B,.s, marked by
black arrows, we find a superposition of symmetric (spin pumping and rectification)
voltages and antisymmetric rectification voltages. For an external field of — B, the
Lorentzian has a negative sign, while at B, the Lorentzian is positive, yielding a
positive Ag. Near zero magnetic field the hysteresis characteristic of the SSE voltage
is evident. In this case the SSE voltage is positive for negative fields, and negative for
positive fields, corresponding to a negative Agsg. The red line is a fit of the observed
voltage to

Vae = Vs + Vamr,a + Vsse + Vo + ¢By, (5.24)

where V| accounts for a constant offset voltage in the nanovoltmeter, and cBy accounts
for a thermal drift as well as the (linearized) effect of increasing applied magnetic field
on the magnetization. The fit is performed separately for the up- and downsweeps.
For the 40 K measurement shown in Fig. 5.6(b), Vi is qualitatively different com-
pared to the measurement at 10 K. As can be seen most easily again in the hysteretic

part of the voltage, Assg is now positive. The sign of Ag is also still positive. At 90 K
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Figure 5.7: Analysis of the dc Voltage Vg, measured as a function of temperature. Fitting
with Eq. (5.24) yields (a) the magnetic resonance field Byes, (b) the FMR
linewidth AB, (c) the amplitude Ag of the symmetric Lorentzian contribution
to the dc voltage, and (d) the spin Seebeck amplitude Agsg. The red dots in
(c) are calculated using Eq. (5.26)

(Fig. 5.6(c)), Assg is negative, as in the 10 K measurement. Moreover, the sign of Ag
is now is inverted. At 295K (Fig. 5.6(d)), As is now clearly positive, like at the lowest
temperatures. The sign of Agsg does not change relative to the 90 K measurement.
In summary, our experiments show that both the spin Seebeck effect amplitude Assg
as well as the amplitude Ag of the symmetric part of the dc voltage Vy. each invert
their respective signs twice in the temperature range between 10 K and 295 K. We also
note that the FMR resonance fields B,.s, marked by black arrows in Fig. 5.6, and the

corresponding FMR linewidth AB substantially change as a function of temperature.

5.1.5 Discussion

Figure 5.7 shows a compilation of the information extracted from the fits to the

dc voltages measured at various temperatures. We extract the magnetic resonance
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field, the resonance line width, the amplitude of the spin Seebeck effect, Assg, and
the amplitude of the symmetric part of V., As, by fitting the Vy.(By) curves with
Eq. (5.24).

Since in InYGAIG, the sublattice gyromagnetic values are very similar to each other
[110,111], Ty and Ty, differ only slightly. We thus cannot experimentally differentiate
Ty and Ty, within our temperature resolution of 2 K and use the term compensation
temperature for both Ty; and 71, synonymously in this section.

We first discuss the resonance field B,es plotted in Fig. 5.7(a). We find that Bies
clearly decreases when approaching the compensation temperature of 80 K both from
higher and lower temperatures. We expect this behavior for T > 77, (80 K-100K),
since 7o strongly increases near 71, (Eq. (5.19)), corresponding to a decrease of the
resonance field as corroborated by our experiment. We attribute the drop of the reso-
nance field at temperatures lower than the compensation temperature (40 K-60 K) to
the cubic anisotropy that is present in InYGAIG. This anisotropy reduces the mag-
netic resonance field. When the total magnetization decreases close to compensation,
the role of anisotropy is enhanced, since the effective anisotropy field increases as
K./M [97,112], where K. is the cubic anisotropy constant. Taken together, the
temperature dependence shown in Fig. 5.7(a) is the typical behavior for GAIG near
compensation [113,114].

The resonance half width at half maximum linewidth AB is shown in Fig. 5.7(b)
and shows a strong increase around compensation. This behaviour is expected from
Eq. (5.20): At the angular momentum compensation point 77,, g strongly increases,
leading to an increased linewidth in FMR. The measurement of the FMR resonance
position and linewidth allows us to localize the compensation point to about (70 £+
10) K (cryostat temperature).

In Fig. 5.7(c), the amplitude Ag of the symmetric Lorentzian-type voltage is shown
as a function of temperature (black dots). Ag changes sign twice as a function of
temperature, around 102 K and again between 60 K and 80 K. According to the model
for spin pumping in compensating ferrimagnets proposed in Sects. 5.1.1 and 5.1.2, two
sign changes of the spin pumping ISHE voltage are indeed expected, one at Ty and
another at 71,. However, since the gyromagnetic ratios of Fe and Gd are very similar,
Ty and T, in our InYGAIG film cannot differ by more than 40 K. Furthermore, as
discussed above, the compensation temperature is between 60 K and 80 K, such that

the sign change at about 100 K cannot be understood in terms of spin pumping alone.



Chapter 5
72 Spin Pumping in Multi-Sublattice Magnetic Systems

However, the observed behavior can be rationalized considering both the spin pumping
and rectification voltages. Both are strongly dependent on the magnetic resonance
linewidth. In spin pumping, the measured voltage is proportional to sin?(f) =~ 62,
where 6 is the precession cone angle (see Eq. (5.17) in Sect. 5.1.1). At constant

microwave power, the precession cone angle at resonance can be approximated by [115]

b

b= A5

(5.25)
where by is the microwave magnetic field, which depends on microwave power. It
follows that the spin pumping voltage depends on AB as 1/AB2  Conversely, the
rectification voltage depends on sin(f), [56,108,109] and thus depends on AB as
1/AB. Therefore, if AB is small, the spin pumping contribution to Ag will dominate,
while rectification contributions to Ag will become increasingly relevant when AB
becomes large, i.e. near compensation. To disentangle the two contributions to Ag

shown in Fig. 5.7(c) we analyze Ag with

_ Csyr |, Csp
As="3p Tap

(5.26)

The red open circles in Fig. 5.7 (c) are calculated according to Eq. (5.26), using as
parameters Csyr = —1.5 x 1078 VT, Csp = 8.3 x 10719 VT? and the measured values
of AB depicted in Fig. 5.7 (b). The evolution of Ag(7) is nicely reproduced by this
simple model. The sign changes in Ag evident in Fig. 5.7 (c¢) are thus not related to
sign changes in spin pumping, but rather to the competition between spin pumping
and rectification effects (with opposite sign) as a function of temperature. This im-
plies that our data does not yield any evidence for a change of the spin polarization
orientation of the pumped spin current. This indeed is in accordance to the model
developed in Sect. 5.1.1, as we expect a sign change in spin pumping only in the
very narrow temperature window between Ty; and 71,. Since this temperature range
presumably is very narrow (a few K at best) it is difficult to resolve in our experiment.
In addition, the electrically detected spin pumping voltage scales unfavorably with
the FMR linewidth, which makes it even more difficult to resolve.

We now turn to the measured spin Seebeck amplitude displayed in Fig. 5.7(d).
Around room temperature, we find a weakly temperature dependent spin Seebeck
amplitude Agsg < 0. Since the spin Seebeck effect voltage is unaffected by the increase

in FMR linewidth, it can be measured in the compensation region, where an abrupt
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sign change in the temperature window of 66 K < T" < 75K is observed. Another,
more gradual sign change takes place at a much lower temperature of 7' ~ 20 K.
A similar behavior in the spin Seebeck amplitude has been reported by Geprigs et
al. |92] in gadolinium iron garnet /Pt thin film bilayers. There, the sign changes in the
spin Seebeck effect take place at higher temperatures, due to the higher compensation
temperature in undoped GdIG.

The SSE temperature dependence is evidently different from the one observed for
spin pumping. In spin pumping, the voltage sign inverts due to spin current spin
polarization reversal, which, according to the model in Sect. 5.1.1, is restricted to
the compensation temperature region. More precisely, the spin current pumped by
the ferromagnetic mode of the ferrimagnet is expected to invert its polarization once
at Ty and once at Ty. This is not the case for the spin Seebeck effect, where at
least one inversion in spin current polarization is observed at temperatures far below
either Ty or 71, and only a single sign change occurs in the spin Seebeck voltage near
the compensation temperature. The qualitative discrepancies between the SSE spin
current and the spin current pumped by the FMR mode may seem surprising, because
the mechanisms generating the pumped spin current in spin pumping and the spin
Seebeck effect usually are assumed to be very similar [57|. We note, however, that the
excitation of the spin system which is at the origin of the two effects is qualitatively
different. In spin pumping, only a single mode is excited, the ferromagnetic resonance
mode of the ferrimagnet, which is selectively driven by the microwave radiation. In
the SSE, on the other hand, the spin system is excited thermally, over a broad range
of frequencies and wave numbers. All possible magnon modes with an energy of less
than kg1 are excited, including the exchange mode in the ferrimagnet, which is not
included in the model discussed in Sect. 5.1.1. We speculate that the sign change
in the SSE at T' ~ 20K could be due to the freezing out of the exchange modes, as
20K correspond to about 400 GHz, comparable to exchange mode frequencies [96].
Therefore, the different temperature dependence of the spin current resulting from
spin pumping and the SSE suggests that exchange modes are very important for
a detailed understanding of the spin Seebeck effect in compensating ferrimagnets.

Further experiments however are warranted to corroborate this conjecture.
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5.1.6 Summary and Conclusions

We have developed a model for spin pumping based on angular momentum conser-
vation, describing the spin current that is pumped into a normal metal layer from a
ferrimagnet excited in the ferromagnetic mode. According to this model, the spin cur-
rent pumped by the ferromagnetic mode can invert its polarization (sign) only in the
temperature range between the magnetization compensation temperature 7y; and the
angular momentum compensation temperature 71,. Moreover, the polarization of the
pumped spin current does not depend on which magnetic sublattice is in contact with
the normal metal at the interface (or if both are). We compare these predictions to
spin pumping measurements, performed as a function of temperature on a indium and
yttrium doped gadolinium iron garnet/Pt heterostructure. InYGAIG is a compensat-
ing ferrimagnet, with Ty; ~ 71, ~ 85K. The evolution of the electrically detected
(ISHE) spin pumping voltage observed in experiment can be semi-quantitatively un-
derstood in our model. To further corroborate the model laid out in chapter 5.1.1,
spin pumping should be performed on a compensating ferrimagnet featuring a larger
separation between the compensation temperatures Ty and 77,. An inversion of the
sign of the spin pumping voltage signal should then be observable between 7y and
T1,. Replacing the gadolinium of GAIG with other rare earth elements with non-zero
orbital angular momentum (e.g. dysprosium) should result in a rare earth sublat-
tice gyromagnetic ratio which is considerably lower than that of the iron sublattices.
Since the separation of the compensation temperatures depends on the difference of
the sublattice gyromagnetic ratios, such garnets should be promising candidates for
these experiments.

Interestingly, spin Seebeck measurements performed simultaneously to the mag-
netic resonance experiments show a qualitatively different behavior. The SSE voltage
changes sign twice, once around 71 and again at a much lower temperature 7" ~ 20 K.
This strongly suggests that the excitation of other magnon modes than the ferromag-
netic mode — e.g. exchange modes — has to be taken into account to achieve a solid
understanding of the temperature dependence of the spin Seebeck effect. In principle
the approach detailed here can also be used to describe spin pumping by exchange
modes. Then the temperature dependent occupation of these magnon modes along
with their (temperature dependent) effective gyromagnetic ratios should allow for the

description of the spin Seebeck effect voltage as a function of temperature.
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Figure 5.8: The precession of the angular momentum of the two sublattices in an easy axis
antiferromagnet in the left-handed (-) mode (See text). Lo is more strongly
deflected from the z-axis than Lj. The ratio of the cone angles of the sublattices
n = 62/(m — 01) is a constant dependent on the antiferromagnetic material.
The pumped dc spin current is proportional to the change in total z-direction
angular momentum, Lz,l + Lz’g.

5.2 Spin Pumping in the Antiferromagnet MnF,

In this section, we transfer the model we developed in Sect. 5.1.1 for the ferromagnetic
resonance mode of the ferrimagnet to the exchange resonance modes of an easy-
axis antiferromagnet. Subsequently, we test this approach on the model easy axis
antiferromagnet MnFy. We perform magnetic field and frequency dependent FMR
resonance and spin pumping on a MnF, single crystal on which a platinum strip
has been deposited. Although we measure a dc signal across the platinum strip, we
conclude that this signal is not due to spin pumping. The experimental work described
in this section has been performed by Marc Philipp Ross in the course of his diploma
thesis [116], which I supervised.

5.2.1 Modeling Spin Pumping in Antiferromagnets
Antiferromagnetic Resonance Modes

The coupled LLG equations that describe the dynamics of the antiferromagnetic sub-

lattice excitations of an easy axis antiferromagnet are very similar to the ones de-
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scribing the dynamics of the ferrimagnet (see Egs. (5.8) and (5.8)) [117].

NG =M x (B — BM; + Bae.) + —- My x My (5.27)
1

NI, =72M; x (B =AM — Bae.) + =M, x My, (5.28)
2

The only difference to the ferrimagnetic case is the addition of an uniaxial anisotropy
field By in along the z-axis, parallel to the external magnetic field. The two sublattices
are identical, so that M; = My = M;, 71 = 72 = 74, and a; = as = «;. The precession
modes that result from the coupled equations (5.27) and (5.28) have been calculated
in [117]. Both sublattice magnetizations and angular momenta precess around the

z-axis. The precession frequencies are [117]:

ws = (B £ \/Ba(2Bg + Ba)), (5.29)

where Bg = [fM; is the exchange field of the respective other sublattice. Positive
frequencies signify right-handed precession of the sublattice magnetizations around
the z-axis, while negative frequencies signify left handed precession of the sublattice
magnetizations around z. The field \/BA(QBE + Ba) = B, is the spin flop field. At

the spin flop field, both sublattice magnetizations are reoriented so that they are

then nearly perpendicular to the z-axis [118]. At external magnetic fields above the
spin flop field, the character of the resonant modes drastically changes [119]. We will
restrict this discussion to external magnetic fields lower than the spin flop field.

The left handed precession mode is depicted in Fig. 5.8. In contrast to the fer-
romagnetic resonance mode of the ferrimagnet, the sublattices are not strictly an-
tiparallel during antiferromagnetic resonance. In the right-handed precession mode
(+), My is further deflected from the z-axis than M is from the negative z-axis,

01./(m — 02,) = n. In the left-handed precession mode (-), My is deflected more,

(m — 65-)/01— = n. The constant 7 is material dependent and can be calculated
from [117]
+1
% — /(2B + B4)/Ba . (5.30)

Since in most antiferromagnets Bg > B, the sublattices precess nearly antiparallelly,
with 7 = 1. The sublattice magnetization components in the z-y plane are antipar-
allel, even when antiferromagnetic resonance is excited. Viewed along the z-axis, the

sublattices thus rotate with a phase difference of 180 degrees.
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The absolute magnitude of the precession cone angles depends, much like in fer-
romagnetic resonance, on the magnitude of the microwave magnetic field driving the

precession and the damping constant «;. It is approximately [115]

by
0 = -— 5.31
N’ (5.31)
where the antiferromagnetic half-width half maximum linewidth AB is [115]
(0710VE BE
ABy = —. 5.32
N 7 Ba (5.32)

Comparing this expression with the FMR linewidth AB = aw/~ of a ferromagnet,
we can (analogously to the ferrimagnetic case) define an effective damping constant
for the antiferromagnet
By
Qoff = oziB—A ) (5.33)
Similarly to the ferrimagnetic case, aeg is larger than the sublattice damping constants
a;. We can now express the dynamics of the sublattices excited in antiferromagnetic

resonance below the spin flop field as:

M, =M, x (B £ Be.) + ‘;‘\; M, x M, (5.34)
MQ,:I: :ViM2 X (B =+ Bcez) + %MQ X M2 s (535)

7

where the ratio of the precession cone angles is 7.

Antiferromagnetic Spin Pumping

To calculate the pumped spin current, we start from Eq. (5.4)

/
]5 = _Lz,tot ot . (536)
Qleff

Here, we have introduced the effective spin pumping damping constant which in a

compensated antiferromagnet/normal metal interface (where o] = of) is

/ /BE

=0, . 5.37
o (5.57)

Aefp =
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In experiment, o’y can directly be measured by comparing the linewidth of an an-
tiferromagnet with and without contact to a normal metal layer, analogously to the
ferromagnet. We express the spin pumping spin current as the total change in angular

momentum in the magnetic system due to spin pumping. Thus

/

L= (L., + Lz,z)ze‘f . (5.38)
eff

Since the last terms in Eqgs. (5.34) and (5.35) are of the same form as in the ferro-
magnetic case Eq. (5.1), we analogously write for the change in z-direction angular

momentum (cf. Eq. (5.7)):

L.; = Lsin®(0))aegw (5.39)
Lo = —Lsin®(6y)aegw . (5.40)

Using Egs. (5.39) and (5.40), Eq. (5.38) becomes:
I, = —wa g L(sin?(0;) — sin®(6y)) (5.41)

Since 0, and 6y are of similar size (see Eq. (5.30)), the pumped spin current re-
sulting from the antiferromagnetic resonance in an easy-axis antiferromagnet is small
relative to spin pumping in a ferromagnet. While the precession frequency w is typi-
cally larger in an antiferromagnet, the precession cone angles tend to be smaller due
to the stronger viscous (Gilbert) damping at higher frequency (see Eq. (5.31) and the
analogous discussion for the ferromagnetic case in Sect. 2.2). It is also important to
note that the product of wa.g can be directly inferred from the antiferromagnetic res-
onance linewidth AB = waeg/v;. The resonance linewidth therefore already provides
and upper limit for the magnitude of wals. To sum up, since the precession cone an-
gles of both sublattices are similar and are expected to be of equal or lower amplitude
compared to ferromagnets at the same drive power, while a4 of an antiferromagnet
is similar to the o' of a ferromagnet, we expect less pumped spin current generated

via spin pumping in resonantly driven antiferromagnets compared to ferromagnets.

5.2.2 Sample and Experimental Setup

For our experiment we choose MnF5 as an antiferromagnet. It is a model easy-axis

antiferromagnet with the easy axis oriented along the crystalline c-axis [120]. TIts
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Figure 5.9: Measurement geometry for antiferromagnetic spin pumping: A MnF; sin-
gle crystal with a platinum strip deposited on it is mounted on a coplanar
waveguide (CPW) structure. A microwave ac current in the CPW drives an-
tiferromagnetic resonance. The voltage generated by electrically detected spin
pumping is measured using contacts at either end of the Pt strip. An external
magnetic field is applied along the magnetic easy-axis of the crystal. Image
adapted from [116].

exchange field Bg ~ 53T, anisotropy field By ~ 0.84T spin flop field B. ~ 95T
[119,121,122] and Neel temperature Ty = 67 K [123| are well known. Since MnFs is a
well-understood antiferromagnet, several studies of magnetic resonance have already
been performed and can be used as reference [119,121,122].

To enable electrically detected spin pumping, a platinum strip of 210 pm width and
7 nm thickness is deposited on the 0.5 x 3 mm? side of a 3 x 1 x 0.5 mm?3 MnF, crystal.
The easy axis of anisotropy in this crystal is perpendicular to the 1 x 3mm? side
of the crystal. The crystal is then placed onto a copper coplanar waveguide (CPW)
structure, as shown in Fig. 5.9. The width of the center conductor is 560 ym The Pt
strip is contacted at both sides and the voltage between the contacts is recorded. At
both sides of the coplanar waveguide structure, mini-SMP connectors are mounted.
Using these connectors, a microwave ac current can be driven in the CPW using a
vector network analyzer (VNA). The ac current causes an ac microwave magnetic field
around the center conductor of the CPW, driving the antiferromagnetic resonance.
The sample and CPW are inserted into a magnet cryostat, enabling us to adjust
the temperature in the range of 4K < T' < 300K as well as apply magnetic fields
up to 17T along the c-axis of the MnFy crystal. More details on the experimental
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techniques used can be found in Ref. [116].

5.2.3 Results and Discussion

Using the setup described above, we measure the antiferromagnetic resonance ab-
sorption and electrically detected spin pumping voltage at a temperature of T'= 4 K.
The microwave power provided by the VNA was 11dBm. The microwave circuits
used were able to support ac currents up to 20 GHz. To lower the antiferromagnetic
resonance frequency of the left-handed precession mode to below 20 GHz, external
magnetic fields 9T < B < 10T are applied. In Fig. 5.10(a,b), the microwave trans-
mission |S2;|* measured by the VNA is shown as a function of microwave frequency
and applied magnetic field. To account for the frequency dependent performance of
the microwave circuit used, a reference value of |Sy;(w)|? @B = +9T is subtracted
from the measured data measured at frequency w, similar to the correction performed
in Sect. 4.2.2. A line of greater absorption (darker) is visible, which is the signature
of antiferromagnetic resonance. Upon closer inspection, we observe a superposition of
several spin wave modes in the bulk of the MnF; crystal. The frequency-field disper-
sion decreases in frequency for magnetic fields lower than the spin flop field B, ~ 9.5 T,
and then increases again after the spin flop. The dispersion of the antiferromagnetic
modes does not reach zero frequency, as would be expected from Eq. (5.29). This is
due to a slight misalignment between the external magnetic field and magnetic easy
axis. This behavior is well understood and described in more detail in [115,116,119].
As expected, the signature of antiferromagnetic resonance does not change under
magnetic field inversion.

In Fig. 5.10(c,d), we show the measured dc voltage between the contacts on the
platinum strip, as a function of external magnetic field and microwave frequency. As
in the |Ss;|? data of Fig. 5.10(a,b), Vpc(w)|@B = 9T has also been subtracted from
the data measured at frequency w, to account for the frequency dependence of the
microwave circuitry. We find the same dispersion as in the transmission spectra also
for the measured dc voltage Vpc. Upon field inversion, the polarity of the measured
voltage does not change. In the model for spin pumping described above, we however
expect the spin current, and thus the electrically detected spin pumping dc voltage
to change sign upon magnetic field inversion. This is not the case in our data, and
therefore we conclude that the observed dc voltage is not due to electrically detected

spin pumping.
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Figure 5.10: Antiferromagnetic resonance (a,b) and electrically detected spin pumping
(c,d) in MnFy as a function of frequency and applied magnetic field at a
temperature of 4 K, presented as a false color plot. A reference value at +9T
(outside of resonance) is subtracted from the data. (e) Magnetic field cuts of
the same data as in (a-d), at a fixed frequency of 16.9 GHz. Image adapted
from [116].
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In Fig. 5.10(e), we show a magnetic field cut of the data shown in Fig. 5.10(a~
d) at a constant fixed frequency of 16.9 GHz. In the microwave transmission data,
shown in orange, we observe several spin wave modes both above and below the spin
flop field B, ~ 9.5T. The line widths in the region below B. are around 10mT,
comparable to the resonance lines found in thin film YIG. The microwave absorption
due to antiferromagnetic resonance is identical at positive and negative magnetic
fields. The peaks in the dc voltage, shown in green, coincide with the peaks in the
microwave absorption in the |Sy;|* data. The line shape is also very similar, thus the
dc voltage is proportional to the absorbed power in antiferromagnetic resonance. As
discussed above, the dc voltage does not change polarity when the external magnetic
field is inverted, ruling out spin pumping as its source. Instead of spin pumping,
the observed dc voltage could be generated by microwave rectification via the spin
Hall magnetoresistance (SMR), as discussed in Sect. 5.1.5, which can produce signals
similar to spin pumping. To calculate the line shape of these signals as a function of
magnetic field direction, first the SMR effect in antiferromagnets would need to be
investigated. To the best of our knowledge, there are no such studies published to
date. A more thorough treatment of possible sources of the measured dc voltage can
be found in [116].

However, the measured voltages for the positive and negative magnetic field sweeps
differ slightly. This difference could originate from spin pumping. This difference is
smaller than 200 nV, which we can set as an upper limit of the spin pumping voltage
generated in our experiment.

Comparing Eq. (eq:afmsperg) with Eq. (5.7) for the ferromagnet we predict the
dc voltage generated by spin pumping, analogously to Eq. (2.14) for small precession

cone angles,

t w 1
_ N N 2
Vip = €g'"OspAsp tanh (2>\SD> 27TRw61 (1 — 772) . (5.42)

Since the spin mixing conductance of most materials are similar, we assume a spin
mixing conductance of g™ = 10" m~2 also for the MnF, /Pt interface. The ratio of the
precession cone angles for MnFy is n = 1.19. To calculate the precession cone angle 6,
it is necessary to first quantify the ac magnetic field b; around the center conductor of
the coplanar waveguide structure. We will here perform a rough estimate of b;. The
microwave power output of the VNA on port one in our experiment is P, = 13mW.

Off-resonance, the power transmitted is Py, = |So1|> * Py = 0.01 * P,,. Assuming
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the attenuation of the microwave circuitry from port one of the VNA to the CPW
is the same as the one from the CPW to port two of the VNA, that means that the
power incident on the CPW structure is Pepw = \/\52—1|2 x P, =01%PFP,=13mW.
At a system impedance of 50 €2, the rf current flowing in the CPW is thus calculated
to be Icpw = 5mA. Using Biot-Savart’s law, the magnetic field directly above the
CPW center conductor is calculated to b9 = 6 #T. A homogeneous magnetic field
of this magnitude over the whole sample would yield a precession cone angle ¢, =
bi/AB = 0.0006 [115], using the linewidth AB = 10mT measured in experiment.
Using R = 1.03k$2, Asp = 1.6nm, and 6sg = 0.06, the expected spin pumping
voltage is Vi, = 80nV. Unfortunately, this is lower than the sensitivity achieved
in experiment, explaining the lack of an observable spin pumping voltage in our

experiment.

5.2.4 Conclusion

In this section, we have developed a model for pumped spin currents in easy-axis
antiferromagnets. Based on that model, we predict that pumped spin currents in
these antiferromagnets are relatively small as compared to the ferromagnetic case. In
the case of MnFy it is smaller by a factor of (1 —1/5%) = 0.3.

We have performed an antiferromagnetic resonance and electrically detected spin
pumping experiment on a bilayer of MnFs and platinum. While we observe a dc
voltage when MnF, is driven in antiferromagnetic resonance, its signature is not
consistent with spin pumping, being invariant under magnetic field inversion. We
conclude that the spin pumping voltage generated in our experiment must be smaller
than 200nV. This is consistent with our model, which predicts V, = 80nV using our
experimental parameters.

In order to observe spin pumping voltages in MnF,, the antiferromagnetic spin
pumping experiment should be performed at higher power, which can be achieved
by improving the microwave transmission properties of the microwave cables between
the VNA and the CPW structure. Another option is to employ a CPW resonator
structure to enhance b;. In that case, however, the spin pumping measurement is
limited to a single frequency. It would also be advantageous to reduce the size of the
MnF'; crystal such that it can fit on the center conductor of the CPW structure, thus
optimizing the microwave magnetic field averaged over the whole crystal, boosting

the cone angle of the sublattice magnetization precession.






Chapter 6

Spin Hall Magnetoimpedance

It is generally assumed that the spin Hall physics are independent of frequency up
to tens or hundreds of GHz. Moreover, even optically detected voltages at THz
frequencies [124] have been interpreted in terms of the inverse SHE. Such a fast
response of the spin Hall effect appears reasonable, since microscopic models attribute
the SHE to spin-orbit coupling. However, no systematic study of fsyy as a function of
frequency has been put forward.

Although spin pumping experiments have been performed as a function of ferro-
magnetic resonance frequency [35,125], in these measurements a dc spin current is
converted into a measurable dc charge voltage by means of the spin Hall effect. The
extracted spin pumping voltage thus reflects the dc spin Hall angle, irrespective of
ferromagnetic resonance frequency. In contrast, ac spin pumping experiments [15, 38]
are sensitive to the ac spin Hall angle and the frequency independence of the spin
Hall angle at GHz frequencies is implied in the work of Weiler et al. [15].

In order to critically test the presumed frequency-independence of spin Hall physics
in the GHz frequency range, spin Hall magnetoresistance (SMR) experiments as a
function of frequency appear particularly attractive. The characteristic dependence
of electrical resistance on the magnetization direction depends quadratically on the
spin Hall angle fsy [29], i.e. on spin Hall physics. The SMR thus is very sensitive to
a possible change of the spin Hall effect viz. the spin Hall angle sy with frequency.

In this chapter, we first give a brief overview of the spin Hall magnetoresistance
mechanism. Then we report on magnetoimpedance on a yttrium iron garnet/platinum
(YIG/Pt) bilayer. We measure the magnetoimpedance by applying an ac charge cur-
rent with frequency w/(27) to the bilayer, and investigate how the resistance R(w, M)

of the bilayer changes both as a function of frequency, and as a function of the ori-
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Figure 6.1: The spin Hall magnetoresistance mechanism in a insulating magnet/normal
metal bilayer. A charge current I is driven in the normal metal layer. Due to
the spin Hall effect, a spin current I sug, is generated, which flows perpendicu-
larly to the interface. At the interface, a spin accumulation is built up (shown
in orange), generating a backflow spin current I pack. (a) If the magnetization
of the magnetic film is parallel to the spin current polarization (along y), no
spin current can cross the interface. Then, in steady state Issur = Is pack, N0
net spin current flows. (b) If the magnetization of the magnetic film is perpen-
dicular to the spin current polarization, a spin current can cross the interface.
This results in a net spin current I e in the normal metal even in steady state.
The conversion of I et to a charge current via the inverse spin Hall effect is
measured as a resistance increase of the normal metal layer.

entation of the magnetization M in the YIG film. Our data, recorded at room tem-
perature, invariably and quantitatively exhibit the evolution of the resistance with
magnetization orientation characteristic of SMR, for charge current frequencies from
dc to 3GHz. In other words, the magneto-resistive response of our YIG/Pt bilayer
(viz. the SMR effect) does not depend on frequency to within experimental accuracy
up to frequencies of at least 3 GHz. Moreover, our data suggests that the SMR pre-
vails up to 8 GHz (the highest frequency used in our experiment), but a quantitative
evaluation is precluded by calibration issues.

From a more applied perspective, this experiment also tests the viability of the
SHE for high-frequency all-electrical spin current generation, and for SMR-based fast
readout of the magnetization orientation of an insulating ferromagnet, which is desir-

able for use in spintronic devices. The work presented in this chapter is published in
Ref. [126].
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6.1 Mechanism of Spin Hall Magnetoresistance

We will in this section motivate the orientation dependence of the SMR resistance
as well as the dependency of the magnetoresistance ratio on 6%,. A more rigorous
derivation of the SMR effect is available in Ref. [29]. The spin Hall magnetoresis-
tance was discovered only recently [27] in YIG /Pt bilayers, but is observable in any
normal metal/ferromagnetic insulator (N/F) bilayer [28|. Here, the resistance of the
normal metal film depends on the orientation of the magnetization in the ferromag-
netic insulator. The mechanism is shown in Fig. 6.1. A charge current I is driven in
the N layer along the x-direction, parallel to the N/F interface. As we have already
discussed in Sect. 2.3.1, the spin Hall effect (SHE) then causes a spin current I gng
in z-direction, with a polarization s along the y-axis. If the spin current cannot pass
the N/F interface, a spin accumulation g, will build up at the interface. This spin
accumulation is proportional to the spin current generated by the spin Hall effect,
and thus to the spin Hall angle fsy. The spin accumulation will cause a backflow spin
current Igpacc in a direction opposite to the SHE spin current. In steady state, this
spin current will be of equal magnitude as the SHE spin current. Thus the net spin
current in the N layer is zero.

However, the mechanism of spin transfer torque [8-10] can cause a spin current I g
to be absorbed by a F at the N/F interface, thereby exciting the magnetization in the
F. The interface spin current depends on the relative orientations of the polarization
of the spin current accumulation s and the magnetization (with the magnetization

unit vector m), as well as and the interface quality [127]:
Lr o g™m x (m x u,), (6.1)

Equation (6.1) shows that if the magnetization in the F is parallel to p,, then the
interface spin current vanishes. This is the situation depicted in Fig. 6.1(a). However,
if m is perpendicular to p,, a spin current will cross the interface. This situation
is depicted in Fig. 6.1(b). Here, the spin accumulation is reduced relative to the
situation of Fig. 6.1(a), due to the additional interface spin current. This means
that the backflow spin current Igpack is also reduced. Then, even in steady state
L back < Issur. The difference between I pacc and I sup is proportional to the spin
current accumulation at the interface and thus 6sy. This net spin current I e in N

will be converted by the inverse spin Hall effect (ISHE) to a charge current I pack,
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Figure 6.2: (a,b) YIG/Pt bilayer bridging a gap in the Cu center conductor of a coplanar
waveguide (CPW) structure shown in (a) top view, (b) cross-sectional drawing
along the center conductor. The dimensions shown are given in mm. (c) The
equivalent electrical circuit model used to describe the YIG /Pt bilayer on the
CPW.

which flows oppositely to the original charge current I.. I pac is proportional to
I net o< O, with an additional proportionality to fsg due to the ISHE. Overall the
I back is therefore proportional to 0% . I pack effectively reduces the current flowing
in the N layer thus enhancing its resistance, which is thus dependent on 6% and the

orientation of the magnetization of the ferromagnet.

6.2 Sample and Experimental Setup

The YIG/Pt bilayer was fabricated by Stephan Grprigs at the WMI by growing a
55nm thick YIG film on a (111)-oriented single-crystalline gadolinium gallium garnet
substrate using laser-MBE [28,81|. Without breaking the vacuum, the sample was
subsequently transferred to an electron beam evaporation chamber and a Pt film

with a thickness of 4nm was deposited onto the YIG. More details on the sample
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preparation procedure are given in Ref. |28].

To measure the spin Hall magnetoresistance at high frequencies, as a first step a
test fixture is designed which enables the flow of a microwave current in the Pt layer.
The bilayer is therefore integrated into a coplanar waveguide (CPW) structure, which
consists of a copper ground plane and a copper center conductor, which are separated
by thin gaps in the copper. This structure is patterned on a printed circuit board using
photolithography at the WMI. Depending on the dimensions of the center conductor
and ground plane, as well as the substrate thickness, the characteristic impedance of
such a device can be tailored to be 50 €2, enabling broadband microwave experiments
and ideal rf current transmission. The easiest way to integrate the Pt layer into the
CPW structure is to replace a part of the center conductor, which caries the current,
with the Pt film of the YIG/Pt bilayer allowing the rf current to flow through the
Pt. To that end, a hole is cut out of the center conductor. Subsequently, this hole is
bridged with the YIG /Pt bilayer that is glued onto the sample chip using silver glue,
with the Pt layer facing the CPW center conductor

There are two possible ways to measure the impedance at microwave frequency:
reflection and transmission measurements. For transmission measurements, the CPW
structure needs to be contacted with microwave connectors at the input and output
port. For the reflection measurement, only one connector needs to be used, while the
other end of the CPW center conductor is connected to the ground plane. It was found
in test experiments that the frequency dependent microwave transmission /reflection
spectra improved in quality when shorter sections of CPW were used. This is due
to the fact that on CPW structures standing wave resonances occur. The shorter
the CPW structure is, the higher is the frequency of the lowest-frequency resonance.
Since the transmission and reflection changes strongly near resonant frequencies, the
measurement sensitivity for small changes in transmission /reflection is reduced, when
electrical resonances occur. Shorter CPWs are more easily realized with the reflection
type measurements, since each connector needs a certain length of CPW and reflection
type measurements require only one connector. We were able to reduce the length
of the CPW from the connector to the connection to the ground plane to just 8 mm.
The dimensions of the structure used in the experiment described here is as follows:
The width of the center conductor of the CPW is 1.5 mm, with a gap of 0.2mm to
the ground planes. The center conductor is interrupted by a 1.5 x 1.5mm? square

gap in the PCB board. We diced a rectangular piece with lateral dimensions of
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2x 1.3mm? from the as grown YIG /Pt sample, which is bridging the gap in the CPW
structure. This setup is schematically shown in Fig. 6.2(a,b). A smaller structure
would still enhance higher frequency operation. However, very small sample sizes are
then required that are very difficult to manually position on, and attach to, the center
conductor.

The ac current is injected using a surface mount mini-SMP connector at one end of
the CPW structure. It is important that the microwave cables leading to the connector
are not touched or moved during the measurements, as this causes spurious signals in
our microwave reflection measurement that overlay SMR signal. The CPW /sample
chip is thus mounted between the pole shoes of a rotatable electromagnet, and is not
moved itself. We mounted the sample chip in three different ways (see Figs. 6.5(a, e,
i)): In the in-plane (ip) configuration, the magnet rotation axis is parallel to the film
normal, so that the magnetic field is always in the plane of the YIG/Pt bilayer. The
magnetic field direction is parametrized by the angle o between the charge current
direction and the magnetic field direction. In the oopj configuration the rotation axis
of the magnetic field is parallel to the current direction, with the angle 5 between the
magnetic field and the film normal. In the oopt configuration, the rotation axis lies in
the film plane, perpendicular to the current direction. The oopt angle ~ is enclosed
by the magnetic field direction and the film normal.

We measure the evolution of the SMR as a function of the orientation «, 3, and
v of the magnetic field. Strictly speaking, the resistance in SMR measurements is
however not dependent on the external magnetic field orientation (parametrized by
a, 3, and ), but rather the orientation of the magnetization in the YIG film. We
use a magnetic field magnitude of 0.6 T in our experiments. In the ip configuration,
the magnetization is to very good approximation parallel to the external magnetic
field, since the magnetic anisotropy field(s) in the YIG film plane are much smaller
than the applied external field. However, due to shape anisotropy in the thin YIG
film, this is not the case for the out-of plane rotations. In the following we derive the
magnetization orientation as a function of the external magnetic field assuming that
the magnetization of the sample corresponds to one single magnetic domain, in a so-
called Stoner-Wohlfarth approach. Here, the equilibrium magnetization orientation is
determined by the magnitude and direction of the externally applied magnetic field
H and the anisotropies stemming from the shape or the crystalline properties of the

sample. Following Ref. [39], we use a free energy approach to calculate the direction
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Figure 6.3: Simulation: the angle ¢ between the magnetization M of the YIG film and the
film normal (black line) and the angle between the external magnetic field H
and the magnetization (red line) as a function of the out-of-plane angles 3,7,
as defined in Fig. 6.5. The magnitude of the external magnetic field is 0.6 T.

of the magnetization vector. The free energy density for a thin YIG film is taken as
Ftot = FZeeman + Fshape 5 (62)

where Freeman = —poM - H is the Zeeman energy density and Fipape = 1/2u0 M2, cos®(¢)
is the shape anisotropy energy density for the oopj and oopt rotations, which depends
on the saturation magnetization Mg, of the magnetic material as well as the angle
¢ between the magnetization and the film normal. Since YIG does not feature any
strong magnetocrystalline anisotropies [120], only shape anisotropy needs to be con-
sidered. A minimization of Fi, with respect to magnetization angle ¢ yields the
equilibrium orientation of the magnetization which is shown as a function of the out
of plane external magnetic field angles § and 7 in Fig. 6.3. For our simulation, we
used the saturation magnetization of YIG, Mg = 143kA/m [120] and an external
magnetic field of 0.6 T. We find that the angle between the external magnetic field and
the magnetization is less than ten degrees using an external magnetic field of 0.6 T, at
all out of plane angles. We will thus present our SMR data as a function of external

field orientation (the quantity varied in experiment) rather than magnetization.

6.3 Reflection Measurement of the Impedance

The sample that is integrated into the CPW structure constitutes a load that is not
equal to the system impedance Z; = 50 (). Therefore, part of the ac current is reflected
at the sample. Measuring this reflection allows us to extract the impedance of the

sample [128]. The reflection of the sample is recorded using a vector network analyzer
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(VNA) which records the complex scattering parameter |129]

V-

Sii= ——, 6.3

11 ‘/14_ ( )

where V;" is the voltage driven into the sample and V|~ is the voltage reflected from

the sample. Since both voltages have a phase, the scattering parameter is complex-
valued.

The scattering parameter S1; depends on the impedance as [129]

7 — Zy
Z+ 7y

Snu(2) = (6.4)
The measured reflection is most sensitive to changes in impedance close to the charac-
teristic impedance Zy = 502 of the system. Here, a small change in impedance leads
to a relatively large change in Sy;, while the absolute value of Sy is small. The sample
used in our experiments has a resistance of Ry = 972, more than the ideal value for
optimal sensitivity. However, because the aspect ratio of the sample is determined by
the CPW on which it is mounted, the resistance can only be adjusted by increasing
the Pt layer thickness. This in turn will decrease the SMR ratio observed [28,29].
The Pt layer thickness of 4nm is nearly ideal for the amplitude of the SMR, while
the resulting Ry = 972 still results in a good sensitivity to a change of impedance,

and is therefore a good compromise for high frequency SMR measurements.

6.3.1 Microwave Calibration of the Setup

To accurately measure Si;, the setup needs to be calibrated. In microwave cables,
the microwave signal is typically damped by 0.2 — 1dB/m, depending on frequency
and cable quality. There are also several connectors in the measurement setup, at
the port of the VNA, between different cables leading to the sample as well as the
mini-SMP connector at the sample itself. At all of these connections there are slight
impedance mismatches, leading to reflections in the feedline. Lastly, on the sample
chip itself, between the mini-SMP connector and the sample there is also an impedance
mismatch. All of these effects affect the measured S;; and need to be accounted for
in a calibration. We now describe the calibration protocol used in our experiments.
The calibration of our reflection measurement is performed in such a way that the

calibration plane is as close to the sample as possible, as we expect a significant
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impedance mismatch at the transition from the semi-rigid microwave cable to the
CPW structure. This impedance mismatch takes place at the mini-SMP connector
itself and on the printed circuit board at the interface to the mini-SMP connector. To
focus on our sample properties, we include these sources of mismatch in the calibration
procedure and thus obtain a calibration plane right at our sample. To achieve this,
homemade rather than commercial high-precision calibration standards have to be
used. Although the homemade calibration standards are of inferior quality compared
to their commercial counterparts, we profit from the fact that the plane of reference
is moved beyond the last set of connectors, resulting in an improved measurement
accuracy.

Assessing the quality of our calibration standards through a direct measurement
would be very difficult, because we have no way to calibrate such a reference exper-
iment. We can however try to quantify the deviation of our measurement standards
from the ideal. For calibration, we use three calibration standards: open, short, and
load [130].

For the open calibration standard we employ an empty sample carrier. It features
a capacitance to ground across the gap where the sample is placed during the ac-
tual experiment, which is however only of the order of 0.1fF, corresponding to an
impedance of 531 k{2 at 3 GHz. The open calibration standard should thus not lead
to an appreciable calibration error.

For the short calibration standard, we connect the center conductor to the ground
plane using three aluminum wire bonds of 25 um diameter at either side for a total of
six bonds in parallel. These bond wires have a length of about 0.4 mm. The impedance
of these wires consists of a resistance and an inductance, as well as a capacitance,
where the latter however is small [131]. The resistivity of Al is 2.65 u€2 cm, which
results in a bond resistance of 5m{2. This increases with frequency due to the skin
effect. The skin depth of Al at 10 GHz is 0 = 0.88 um, which leads to an increase in
resistance to a total of 85m(2, which is still insignificant. The inductance of a wire
with 25 um diameter and a length of 0.4 mm can be calculated [132] to be 0.275nH.
Since there are six bond wires in parallel, the total inductance is lowered, but cannot
simply be divided by six, due to coupling between the bonds [131]|. If we estimate a
total inductance of 0.1 nH, the resulting reactance X; = w/lL at 3GHz is 1.9€2. Thus
the short calibration standard is not perfect and thus introduces an error into the

calibration. We calculate that the use of a calibration standard with an impedance
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Z = 1.99 instead of an impedance Z = 02 introduces an error in the order of 10 %
in a reflection measurement, where Sy, = (Z — Zy)/(Z + Zy). Zy = 5082 is the
characteristic impedance of the microwave circuit.

The 502 load calibration standard is realized by two Vishay CH02016-100RGF
100 €2 thin film microwave resistors placed in parallel at either side of the center line
connecting it to the ground plane. The reactance of these elements is shown to be
much smaller than their resistance up to frequencies of about 10 GHz. The accuracy
of the resistance of these resistors is rated at 2%, which is smaller than the error

expected from the short standard.

6.3.2 Calculation of the SMR Resistance from Microwave
Reflection
To extract the magnetization orientation dependent resistance R of the YIG/Pt bi-

layer from the measured scattering parameter Si; (corrected using the calibration

data), it is converted to the complex impedance Z of the sample via

Z()(l +Sn(&)))
Z(w) = —— Su(w)

(6.5)

where Zy = 502 is the characteristic impedance of the system. To extract the magne-
tization orientation dependent resistance R of the YIG/Pt bilayer from the complex
impedance, we use the circuit model sketched in Fig. 6.2(c). L and C hereby are an
inductance and a capacitance, respectively, taken as frequency independent constants.
This model is consistent with models applied to surface mount resistors [133]. The

impedance of this L-R-C circuit shown in Fig. 6.2(c) is given by

1 Cw
A = ] L— —— | . 6.6
(w) 7 (02w2 n 1%2) 41 <w o+ %> (6.6)

In a first step, we calculate Z(w) from the measurement data via Eq. (6.5). We
then simultaneously fit $(Z) and I(Z) with Eq. (6.6), using R, L, and C as fit
parameters. Since at higher frequencies electrical circuit resonance phenomena occur,
which cannot be reproduced by the equivalent circuit model, only the part of Z(w)
with w/(27) < 3 GHz is included in the fit.

This is exemplarily illustrated in Fig. 6.4, where the real and imaginary parts of the

complex impedance as well as the fit according to Eq. (6.6) (green line) are plotted
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Figure 6.4: Z(w) recorded for po|/H| = 0.6 T and @ = —90° in the ip rotation measure-
ment. Both are fitted simultaneously with Eq. (6.6) (green line), yielding the
capacitance C' = 0.2 pF and inductance L = 1nH of the equivalent circuit of
Fig. 6.2(c).

for the measurement with the external field in the film plane. For both the oopj and
oopt rotation the data and fit look very similar. For all 3 rotation planes we find that
C=2x10"8F and L =1 x 107 H consistently describe the data. We did not find
L or C to be magnetization orientation dependent. The parameter R is found from
the fit to be R = 97, corresponding to the measured dc resistance of the device.
The total resistance R consists of two components: the resistance Ry of the Pt film
which is independent of frequency and magnetic field, and R;, which is magnetization
orientation dependent. The (possible) frequency dependence of R; is the key focus of
this chapter. R; can be taken as small compared to Ry, because the magnetoresistance
ratios R;/Ro measured in YIG/Pt are smaller than 1072 |27,28,134,135|. Using L
and C, we can in a second step calculate the magnetization orientation dependent

resistance from the measured impedance by solving Eq. (6.6) for R:

R(w,{a,8,7}) =

\/L2w2 B ’Z(wv{a7ﬁ>7})’2
VO3 ([Z(w, {a, B} = L2w?) + 2LCw? — 1

6.7)

R(w,{a, 8,7}) includes the frequency and magnetic field independent dc resistance Ry
of the platinum and the magnetization orientation dependent resistance R;. Since the
values of L and C are only reliably determined for frequencies of w/(27) < 3 GHz, the

extraction of R(w) at frequencies w/(27) > 3 GHz cannot be relied on quantitatively.
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6.4 Results

To establish a reference for the ac resistance measurements, we first measured the
dc resistance as a function of the magnetic field orientation at a fixed magnetic field
magnitude poH = 0.6 T for all three magnetic field rotation configurations. In these
experiments, a constant bias charge current is applied to the CPW strip with a Keith-
ley 2400 sourcemeter, and the resistance is calculated from the voltage drop.

In a second set of experiments, we measured the complex reflection coefficient S,
with an Agilent N5242A vector network analyzer (VNA) as a function of frequency
f = w/(2m), and as a function of the magnetic field orientation angles «, 3, and
v. Again, the magnetic field magnitude hereby was 0.6 T. More precisely, for each
measured magnetic field orientation, the frequency of the VNA microwave drive signal
is swept, and the corresponding Si;(w) recorded. Then the magnetic field is rotated
to the next orientation, Si;(w) is recorded, etc.

In Fig. 6.5, we show the ac magnetoresistance obtained from our measurements
for the three rotation planes. This figure is organized as follows: there are 4 panels
for each rotation plane, respectively: in (a,e,i) we show a sketch of the measurement
geometry for the three rotation planes and the rotation angle of the external magnetic
field. In (b,fj) we show the frequency dependent resistance averaged over all N

magnetization orientations studied in a given magnetic field rotation plane

N
1
i=1
as a function of ac current frequency.

Panels (c¢,g,k) show the resistance modulation AR,

AR(w,{a, ,7}) = R(w,{a, 8.7}) - R(w), (6.9)

as a function of both frequency and magnetic field angle in a false color plot, while
AR traces recorded at selected frequencies are depicted in panels (d,h,l).

Due to calibration issues for w/(27) > 3 GHz, the resistance calculated from Eq. (6.7)
diverges at certain frequencies corresponding to standing wave resonances arising from
reflections at the interface of the CPW structure and the sample. These background
oscillations are suppressed in AR, which makes it possible to plot AR in the false

color plots of Figs. 6.5(c,g,k) using the same color code over the whole frequency range
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Figure 6.5: Frequency dependent resistance for the ip, oopj, and oopt rotation planes.

(a,e,i) A sketch of the YIG /Pt bilayer and the external magnetic field relative
to the applied bias current direction. « parametrizes the angle of the magnetic
field in the ip rotation, 3 in the oopj rotation, and  in the oopt rotation. (b.f,j)
R (Eq. (6.8)) from frequencies of dc to 8 GHz for the respective magnetic field
rotations. (c,g,k) The resistance modulation AR with respect to ac current
frequency and the corresponding magnetic field rotation angles at a constant
external magnetic field of po|/H| = 0.6T. (d,h,]) AR as a function of the
respective rotation angles at different, fixed frequencies: dc (black line), 1 GHz
(red line), 2 GHz (green line), 3 GHz (blue line), 4 GHz (light blue line). The

AR curves are offset for clarity.
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used in experiment.
We first analyze the change in dc resistance as a function of the magnetization ori-
entation. For a (dc) SMR-like behavior [28,135], we expect a cos?(«)-like resistance
modulation with amplitude R; on a constant offset iy upon rotating the magnetiza-
tion in the film plane:
Rip(a) = Ry + Ry cos® . (6.10)
The ratio
R, 2034\3ppt 'G, tanhQ(ﬁ)
Ry 1 + 2AsppG, COth(ﬁ)

(6.11)

depends on the spin Hall angle fsy, the resistivity p of the Pt, the spin diffusion length
Asp, the real part of the spin mixing interface conductance G, [29], and the thickness
t of the Pt film. As usually done in the literature [27,28,134,135|, we here take all
of these parameters as constants, independent of frequency and magnetic field. We

furthermore assume that fsy is purely real. For the oopj rotation, we expect
Roopj(B) = Ro + Ry cos® B. (6.12)

In the oopt rotation, the SMR is independent of the magnetization orientation [29]
with
Roopt - R0 + Rl . (613)

The black lines in Figs. 6.5(d,h,l) show the change in resistance AR(dc) for po|H| =
0.6 T as a function of the angle. The characteristic cos®(a)-dependence of Eq. (6.10)
is clearly evident in Fig. 6.5(d) as well as the expected cos?() type modulation of
Eq. (6.12) for the oopj rotation in Fig. 6.5(h). In the latter case, the cos?(3) modu-
lation is not ideal, which is attributed to shape anisotropy: In Fig. 6.6, we compare
the normalized dc AR data from Fig. 6.5(h) to cos®(¢(8)) and cos?(3), where ¢ is the
angle between the magnetization and the film normal simulated in Sec. 6.2. For the
calculation of cos?(¢(3)), we used the (¢(3)) data calculated for YIG from Fig. 6.3.
In both the cos?(¢(3)) and the experimental data, we see the same deviation from
cos?(3). We note also that the computed MR ratio, max(AR) — min(AR)/Ry is not
affected by the deviation of the magnetization orientation from the external magnetic
field orientation. At 8 = 0° and S = 90°, the orientations where the extrema of
the resistance, max(AR) and min(AR), are reached, the magnetization and external
magnetic field are aligned (8 = ¢). Last but not least, for a rotation of the 0.6 T
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Figure 6.6: Comparison of cos?(¢(3)) (black line), cos?(3) (blue line) and the normalized
dc AR data of Fig. 6.5(h) (red dots) as a function of the oopj magnetic field
angle 8. For ¢(3), we use the simulated data shown in Fig. 6.3.

magnetic field in the oopt rotation plane, the resistance is constant (Fig. 6.5(1)), as
expected from Eq. (6.13). Since the magnetization orientation in this rotation plane
does not affect the magnetoresistance, the angle between the magnetization and the
external magnetic field is not relevant.

Thus the observed angular dependence is the one expected from the SMR ef-
fect according to Egs. (6.10)-(6.13). The dc resistance Ry = 972 and a resis-
tance modulation amplitude R; = maz(AR) — min(AR) = 0.083Q yield a MR
ratio of Rj/Ry = 8.6 x 107*. Using the parameters sy = 0.11, Asp = 1.5nm,
G, = 4x 10" Q71 m? [28,57] and the thickness of the Pt film of ¢ = 4 nm, one expects
a dc SMR magnitude of R;/Ry = 7.7 x 107* from Eq. (6.11), in good agreement to
the MR ratio measured experimentally.

We find that the phenomenology of the magnetoresistance observed does not change
when making the transition from dc to ac bias currents. In the ip rotation of the ex-
ternal magnetic field, shown in Fig. 6.5(c), we find a modulation of the resistance with
a cos?(a) dependency, regardless of the ac current frequency, up to at least 3 GHz.
Similarly, the oopj data (Fig. 6.5(g)) show a cos?(8) dependency, while in the oopt
orientation (Fig. 6.5(k)) the resistance is independent of magnetization orientation.
In Figs. 6.5(d,h,1), we compare the change in resistance with respect to the applied
magnetic field angle at dc as well as 1 GHz, 2 GHz, 3 GHz, and 4 GHz ac currents:
the curve shape and the amplitude of the modulation is the same, irrespective of
frequency. Qualitatively, this modulation persists at frequencies higher than 3 GHz.
However, due to the homemade calibration standards and CPW structures, the re-
sistance extraction becomes increasingly unreliable above 3 GHz. Plotting the MR
ratio as a function of frequency in Fig. 6.7, we observe oscillations with frequency:

there are fast oscillations, with a period of 0.15 GHz and slower oscillations of greater
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Figure 6.7: The MR ratio Ry/Ry as a function of frequency for the oopj rotation.

amplitude, with a period of 1.2 GHz. Furthermore, at frequencies above 3 GHz, where
electrical circuit resonances occur, the MR ratio diverges. However, no overall trend
of the MR ratio is apparent, suggesting that the oscillations and divergences are only
due to imperfect calibration rather than a time constant present in the SMR effect.
In the latter case a decrease of the MR ratio with frequency is expected, as the system
could no longer follow the periodic modulation of the charge current. The amplitude
of the slower oscillations at frequencies of less than 3 GHz is 10~%, from which we
can estimate the experimental uncertainty to be 1 x 1071/8.6 x 10™* ~ 12%. This
value is comparable to the one we estimate from calibration uncertainty of the short
standard. We thus find that the phenomenology of the SMR can be described up to
frequencies of at least 3 GHz with real, frequency independent values for L, C, R, as

well as fsy, of which only the resistance R is magnetization orientation dependent.

6.5 Conclusions

The fact that the SMR effect persists up to at least w/(27) = 3 GHz means that the
interaction time constants 7 = 1/w relevant for the SMR effect are shorter than 53 ps.
Since the SMR requires both the spin Hall effect and spin torque transfer [29,136,137],
i.e. spin-orbit interaction, this can be compared with the spin-orbit interaction time
Tso in platinum. In the free electron model (277s0)~! is estimated to be in the
hundreds of GHz [138], and much shorter 750 are inferred from spin injection viz.
spin transport experiments [139]. A constant SMR magnitude up to tens of GHz thus
appears reasonable.

From a more applied perspective, our experiments show that the SMR can be used
to read out the orientation in a ferromagnetic insulator such as YIG electrically in
about 50 ps.

In summary, we have measured the SMR effect in a YIG /Pt bilayer, using currents
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with frequencies from dc up to 8 GHz. We can describe our results with a simple L-R-
C circuit model with frequency independent constants, of which only the resistance R
is magnetization dependent. We find a SMR amplitude (magnetoresistance ratio) of
8.6 x 107, which is unaltered from dc up to frequencies of several GHz. This implies
that the spin Hall physics and sy in particular enabling the SMR effect are frequency
independent within experimental accuracy up to frequencies of at least 3 GHz. This is
consistent with theoretical work proposing that the time constants of the SMR should

be governed by the spin-orbit interaction.






Chapter 7

Summary

This thesis deals with spin currents in ferrimagnet/normal metal bilayers. In spin
pumping, the spin current is driven by a non-equilibrium state in the ferrimagnet due
to the absorption of microwave radiation (FMR). Spin pumping is the focus of this
thesis. Spin pumping is discussed in new contexts, such as strong coupling (chapter 4)
and that of multi-sublattice magnetic systems, ferrimagnets and antiferromagnets
(chapter 5). The non-equilibrium state necessary to drive a spin current can also be
induced in the normal metal, by driving a charge current through that layer (the spin
Hall effect). This is the basis of the spin Hall magnetoresistance (SMR) effect, the
frequency dependence of which is the subject of chapter 6. In the following, the most
important results of this thesis are summarized.

In chapter 3, we present spin pumping experiments in a series of thin film YIG /Pt
bilayers. A variation of the Pt layer thickness enables us to determine the spin dif-
fusion length in the Pt layer Asppt = (1.6 £ 0.5) nm as well as the spin Hall angle,
Osuy = 0.06 4+ 0.04. The previously reported values of these parameters span several
orders of magnitude. Since platinum has become the standard normal metal to use
in experiments such as spin pumping, the spin Seebeck effect, and spin Hall magne-
toresistance, these parameters are crucial to the quantitative analysis of these exper-
iments. Recent studies of dc transport spin Hall magnetoresistance in YIG /platinum
bilayers [28,64| find values of the spin Hall angle and the spin diffusion length com-
patible to the ones determined here, which again confirms the similarities between the
SMR and spin pumping mechanisms. This has already been pointed out in Ref. [57],
which includes many of the data described in this chapter. The data also feature in
Ref. [44], where damping-detected and electrically-detected spin pumping are com-
pared. Using the approach laid out here, the spin Hall angle and spin diffusion length
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of metals other than platinum could in principle also be determined, as has been
done in Ref. [140], where however the thickness of the normal metal layer was not
varied. Thus instead of directly determining the spin diffusion length, that analysis
is dependent on literature values.

We furthermore varied the thickness of the YIG layer, and observed that the inter-
face spin current in thick YIG layers (tyjg > 60nm) increases with YIG thickness.
Since spin pumping is understood as an interface effect, this increase is unexpected.
The increase is possibly due to spin pumping from non-uniform spin wave modes,
the excitation of which could be concentrated at the YIG /Pt interface, leading to an
increased spin pumping efficiency. However, spin pumping experiments in which the
thickness of the YIG is varied more systematically should be performed, in a broader
range of YIG thicknesses and also using YIG thicknesses greater than 200 nm, the
maximum YIG thickness available in our experiments.

Spin pumping in YIG/Pt, which is strongly coupled to the standing wave mode
in a microwave cavity is the subject of chapter 4. In microwave cavity based fer-
romagnetic resonance, the coupling between the cavity mode and the ferromagnetic
resonance mode scales as geg o< v/Ns, where Nj is the number of spins in the magnetic
system. A large coupling rate gog compared to the relaxation rate of the cavity and
the spin system causes a hybridization of the cavity mode and the magnetic resonance
mode of the YIG. This regime is called strong coupling. In the frequency vs. magnetic
field dispersion, an anticrossing of the two modes is observed. Experimentally, strong
coupling is usually measured by recording the microwave cavity response. In YIG,
strong coupling to a cavity has first been demonstrated in Ref. [74], to which the data
analysis was contributed in the course of this thesis. We here investigate the possi-
bility of measuring the spin excitation directly, in addition to the cavity response, by
measuring the electrically detected spin pumping signal. First, we develop a model
to predict the magnetic field and frequency dependent excitation of the spin system
and the microwave cavity, based on input-output theory. Using this model, we calcu-
late the resulting reflection of microwave radiation at the microwave cavity and the
dc voltage measured in electrically detected spin pumping. The model is applicable
irrespective of the coupling strength, both in the strong coupling and in the weak
coupling regime. If the spin mixing conductance at the interface, the spin Hall angle,
and the spin diffusion length of the normal metal are known, the model can also be

used to predict the electrically detected spin pumping voltage amplitude from FMR
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data. This has previously been only possible in the weakly coupled case and at the
microwave cavity frequency. We also predict that the spin pumping voltage signal
at constant microwave power is substantially reduced when using magnetic layers of
greater volume, relative to thin film ferromagnets. This is due to the fact that the
magnetization excitation is distributed over the whole of the bulk sample, while only
the spin excitation close to the YIG /Pt interface results in pumped spin current.

To test the model, we perform ferromagnetic resonance as well as spin pumping
first on a thin film YIG/Pt bilayer, as a function of both microwave frequency and
external magnetic field. The observed microwave reflection and spin pumping voltage
are qualitatively and quantitatively consistent with our model calculations. We then
perform spin pumping on a bulk YIG/Pt sample, again as a function of microwave
frequency and magnetic field. In this sample, the cavity-spin system coupling strength
is substantially increased as evidenced by the observed anticrossing in the microwave
reflection data. Due to the bulk character of the YIG, the spin pumping signal is
predicted to be smaller by two orders of magnitude in this sample compared to the
thin film YIG/Pt bilayer experiment. The dc voltage data do not show a signature
consistent with the spin pumping. Instead, we observe a dc voltage which we attribute
to the spin Seebeck effect, due to microwave heating of the sample. The ability to
differentiate between the signature of the spin Seebeck effect and spin pumping is one
of the merits of the proposed model.

We conclude that in order to observe spin pumping in the strong coupling regime,
the number of spins in the YIG layer needs to be very finely tuned. This is due to the
fact that spin pumping is more easily observed in samples comprising a thin magnetic
film, while a thick magnetic film is required for strong coupling. Additionally, the
YIG needs to be of very high quality to ensure low damping, making it easier to reach
the strong coupling regime, even with lower coupling strength. Using thick films of
yttrium iron garnet layer grown by liquid phase epitaxy as the magnetic layer for spin
pumping in strong coupling seems promising, as these films have excellent damping
properties and can be grown to the required thickness [88]. Spin pumping should
then be more easily observable and time-dependent, strong coupling, spin pumping
experiments can be envisioned as a next step. This experiment would yield the time-
dependent spin excitation of the YIG, in addition to the time-dependent excitation
of the cavity, which has already been observed in a YIG single crystal coupled to a

microwave cavity [65].
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In chapter 5, we investigate in detail spin pumping in magnetic systems with more
than one magnetic sublattice, such as ferrimagnets and antiferromagnets. In ferri-
magnetic spin pumping, our model, based on the conservation of angular momentum,
shows that it is irrelevant for the sign of the pumped spin current which magnetic
sublattice(s) are in contact with the normal metal. Rather, the sign of the spin cur-
rent pumped by the ferromagnetic resonance mode is solely determined by the sign
of the effective gyromagnetic ratio of the ferrimagnet. This resolves a point heatedly
debated in the community. We compare these theoretical conjectures with electrically
detected spin pumping measurements, recorded using an indium and yttrium doped
gadolinium iron garnet/platinum bilayer. Gadolinium iron garnet features three mag-
netic sublattices, of which the magnetization of the gadolinium sublattice is strongly
temperature dependent due to its relatively weak exchange coupling. Therefore, a
magnetization compensation temperature exists, at which the net magnetization of
the iron and the magnetization of the gadolinium are of equal magnitude. If the tem-
perature is swept over the compensation temperature, the sublattice magnetization
orientations are inverted. The spin pumping spin current observed in experiment does
however not change sign at the compensation temperature, which is consistent with
our model. To further corroborate the model, spin pumping should be performed on
a compensating ferrimagnet featuring a large separation between the magnetization
compensation temperatures 7y; and the angular momentum compensation tempera-
ture T1,. Since the sign of the gyromagnetic ratio inverts 7y and 71, an inversion of
the sign of the spin pumping voltage signal should then be observable in this tem-
perature range. This regime is inherently inaccessible using ferromagnets, where the
gyromagnetic ratio is always negative. Replacing the gadolinium ions of GAIG with
other rare earth ions with non-zero orbital angular momentum (e.g. dysprosium [141])
should result in a rare earth sublattice gyromagnetic ratio which is considerably lower
than that of the iron sublattices. Since the separation of the compensation temper-
atures depends on the difference of the sublattice gyromagnetic ratios, such garnets
should be promising candidates such an experiment. The results of chapter 5.1 will
be published as Ref. [99].

Simultaneously to spin pumping, we perform spin Seebeck experiments on the same
indium and yttrium doped gadolinium iron garnet/platinum bilayer. In the spin
Seebeck voltage, we find two sign changes in the pumped spin current, similar to
the data of Ref. [92]. This leads us to conclude that the exchange modes, where the
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magnetic sublattices precess non-collinearly, are very relevant for the spin Seebeck
effect in ferrimagnets. These exchange modes can be thermally excited, but are
of much higher frequencies than the ferromagnetic modes and so are not excited
in conventional spin pumping experiments at GHz frequencies. This explains the
difference in the temperature dependence between the spin Seebeck effect and spin
pumping voltages. Our model approach could also be used to describe spin pumping
due to excitation of the exchange modes which are relevant for the spin Seebeck
effect. However, the temperature dependent occupation of the exchange magnon
modes and the sign of their (temperature dependent) effective gyromagnetic ratios are
needed for a quantitative description of the spin Seebeck effect voltage as a function
of temperature within our model. The method of inferring a pumped spin current
from the angular momentum balance is therefore also relevant beyond ferrimagnetic
spin pumping.

We predict the pumped spin current in antiferromagnet/normal metal bilayers.
Antiferromagnets comprise two identical, antiparallel sublattices, which are excited
in the non-collinear exchange mode in antiferromagnetic resonance. According to
our model, spin pumping in antiferromagnets is less efficient than spin pumping in
ferromagnets, which is due to the small change in total angular momentum during
antiferromagnetic precession, in which the sublattices are aligned nearly antiparal-
lelly. In the antiferromagnet MnF,, spin pumping is calculated to be one third as
efficient as in a ferromagnet. This can be compared to Ref. [100], where it is claimed
that spin pumping in antiferromagnets is efficient, but the absorption of microwave
radiation by the antiferromagnet is not. Therefore Ref. [100] also predicts a compar-
atively lower spin pumping voltage in antiferromagnets. We discuss a spin pumping
experiment using a bilayer of Pt and MnFy. We do not observe the signature of spin
pumping in the dc voltage measured, owing to the relatively low microwave magnetic
driving field achieved in this experiment and the lower efficiency of spin pumping in
an antiferromagnet. Performing the same experiment in a setup capable of delivering
greater microwave power to the sample and thus greater microwave magnetic fields
to drive the antiferromagnetic resonance could confirm our model calculations for the
antiferromagnet.

The spin Hall magnetoresistance is a recently discovered magnetoresistive effect in
ferromagnetic insulator/normal metal bilayers. It is based on the creation of spin

currents in the normal metal layer by the spin Hall effect and their subsequent ab-
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sorption in the ferromagnetic layer. The absorption depends on the orientation of
the magnetization of the ferromagnetic insulator. If the spin current is absorbed, the
resistance of the Pt film increases. To date SMR has only been investigated at dc
currents. In chapter 6, we investigate the spin Hall magnetoresistance at microwave
frequency ac currents. For this purpose, we design a test fixture for a YIG /Pt bilayer
that enables us to drive a calibrated microwave ac current through the Pt film. We
find that the magnetoresistance ratio does not change as a function of frequency up to
at least 3 GHz. Our experiment suggests that the magnetoresistance ratio is constant
also at higher frequencies, but calibration issues preclude us from a quantitative anal-
ysis at frequencies above 3 GHz. We can thus deduce the frequency independence of
the spin Hall angle 05y, on which the magnetoresistance ratio depends quadratically,
for frequencies up to 3 GHz. From a more applied perspective, our experiment proves
that the magnetization direction of a ferromagnet can be read out using spin Hall
magnetoresistance with frequencies of at least 3 GHz. These results are published in
Ref. [126].

In conclusion, we have investigated the generation of pure spin currents in mag-
netic insulator /normal metal bilayers. The transfer of angular momentum as a spin
current over the magnetic insulator/normal metal is also a focus of this thesis. We
describe spin pumping and the spin Hall magnetoresistance and also touch on the
subject of the spin Seebeck effect. All of these effects depend on the transfer of an-
gular momentum between the two layers. The investigation of these effects in new
contexts, namely spin pumping in the strong coupling regime, spin pumping employ-
ing compensating ferrimagnets and antiferromagnets as the magnetic layer, and spin
Hall magnetoresistance at GHz frequencies, provides new insight into the interplay of

spin currents, magnetization and angular momentum.



Appendix A

List of YIG/Pt Bilayer Samples

In Tabs. A.1 and A.2, we list the samples used in chapter 3.

Table A.1: YIG/Pt bilayers with approximately constant YIG layer thickness and varying
Pt thickness.

tyig (nm)  tpy (nm)

YIG 58 26 1.3
YIG 57 28 2.2
YIG 53 93 2.5
YIG 52 50 7

YIG 60 54 8.5
YY 24 60 9.7
YIG 59 61 11.2
YY26 60 12.8
YIG 61 54 16.9
YY21 61 19.5
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List of YIG/Pt Bilayer Samples

Table A.2: YIG/Pt bilayers with varying YIG layer thickness

tyig (nm)  tpy (nm)
YIG 105 16 2.8
YIG 22 18 7
YIG 32 25 7
YIG 19 44 7
YIG 20 54 6.1
YIG 118 107 2.7
YIG 21 176 7
YIG 113 199 2.7




Appendix B

Homodyne Dectection Circuit

In the course of this thesis, a homodyne detection circuit was assembled in order to
measure ferromagnetic resonance of magnetic thin film samples in a X-band microwave
cavity. This circuit is similar to those found in commercially available electron param-
agnetic resonance spectrometers. It supports frequencies 7 GHz < w/(27) < 12 GHz.
It is optimized for relatively high powers (tens of mW), to enable the measurement
of electrically detected spin pumping at the same time as ferromagnetic resonance.
However, ferromagnetic and electron paramagnetic resonance experiments can also
be performed at nanowatts of power using attenuators integrated in the RF branch
of the circuit. The detection circuit is sketched in Fig. B.1. In the following, we list

the parts of the detection circuit.

e 10 dB directional coupler, Marki Microwave, C10 0226: splits the microwave

signal provided by a microwave source (input power fixed at 24 dBm for optimum

dc output

1Q-mixer ||
voltage
¢ Q >
phase shifter
11 GHz, 0-70] _[0-T1 culat
24 dBm —%— dB dB circulator
10dB step
coupler attenuators to
cavity

Figure B.1: The homodyne detection circuit assembled in the course of this thesis. For a
list of parts, see text.
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Homodyne Dectection Circuit

performance) in two. One part of the signal (RF branch) is used to drive FMR
in the microwave cavity, the other provides the local oscillator (LO branch) tone

to the mixer.

Manual step attenuators, Agilent 8495B-002 and Agilent 8494B-002: provide

control of the microwave power incident on the microwave cavity.

Circulator Narda West 0712: channels incoming microwave radiation to the
microwave cavity; the reflected microwave signal from the resonator (containing
the FMR signal) is directed to the IQ mixer.

Phase shifter ATM, Model P 1506: controls the phase of the LO branch.

IQ mixer, Marki Microwave 1Q-0618: homodynes the FMR signal, and outputs

dc voltages at the I and Q ports, which can be recorded using dc electronics.

20 dB attenuator: shields the IQQ mixer from excessive power on the RF port.

Can be omitted if it is necessary to measure small signals.
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