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1
INTRODUCTION

ABSTRACT

In this chapter, the motivation behind the research described in this thesis is discussed
from both a technological and fundamental perspective. First, a brief historical
perspective on the development of computer technology throughout the last century
is given, to provide context for the discussion to come. Then, the promises and
pitfalls of spintronics and magnon-based spintronics, and how they could provide
the building blocks of elementary logic circuits, are outlined. In addition, we discuss
the relevance of a nonlocal measurement scheme in probing the properties of the
system at hand. Finally, a brief summary of each of the chapters in this thesis is given,
highlighting the interesting aspects of the findings from a fundamental point of view.
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. a brief history of information technology

The Analytical Engine, the brainchild of Charles Babbage, was the first design of a gen-
eral purpose computer, even though construction of the machine was never completed
[]. Conceived in the early th century and purely mechanical by design, it was far
ahead of its time. Only much later, in the ’s, the concept of universal computing
devices that can efficiently carry out arbitrary computations was formulated by Alan
Turing []. The first electronic universal Turing machine (meaning that it can in
principle calculate every computable function) was the ENIAC [], constructed in the
U.S. from  to . It contained roughly  vacuum tubes, weighed over 
tons and could perform additions or subtractions at a rate of 5 kHz [].

With the invention of the bipolar transistor in , and later the field-effect
transistor, computer hardware development entered the domain of condensed matter
physics. In , the semiconductor-based integrated circuit (IC) was invented by
Kilby [], which really started off the era of modern electronics and made information
processing technology cheap and available to the masses. In a famous  paper [],
Gordon Moore predicts some of the impact that the IC could have on the electronics
industry and society as a whole. His predictions turned out to be remarkably accurate,
even the most far-fetched ones (“... automatic controls for automobiles...” for instance).
He was also correct in stating that silicon would remain the basic material, primarily
because of its abundance, inexpensiveness and the processing technology that was
already in place for it. He briefly mentioned what he called the “heat problem”, i.e.
removing the heat dissipated by all integrated components. However, he dismissed it
as a fundamental hurdle for increasing transistor density, recognizing that reducing
transistor size would allow for higher frequency operation at the same power density,
mainly due to the reduced capacitance and lower threshold voltage it would bring
(known as Dennard scaling []).

Indeed, Dennard’s scaling law turned out to hold until the early ’s, bringing
the number of transistors on a central processing unit (CPU) up to the 109’s, operating
at clock rates of several GHz []. The impact that this explosive growth in computa-
tional power, and the software developments that came with it, has had on society can
hardly be overstated []. Computing has become an indispensable part of our personal
and working lives. Despite its present-day ubiquity, the demand for computational
ability is growing stronger than ever: For example, new software applications such
as cryptocurrencies based on (computationally demanding) blockchain technology
call for computing hardware that is both fast and highly energy efficient []. On
the other hand, the need to analyze large amounts of data for either scientific or
commercial purposes has given rise to distributed computing technology where the
problem at hand is solved in parallel on many processing units which can be separated
geographically, rather than on one ultra fast core []. Nevertheless, given the demand
for such big data analyses, increasing the individual core efficiency and computational
ability remains a key issue.

The heat problem

However, transistor downscaling has its limits. Interestingly, the heat problem orig-
inally dismissed by Moore turns out to be one of the most stringent ones []. The
dynamic power dissipated in the circuit scales with clock frequency, total capacitance
and supply voltage squared []. To keep the IC temperature within reasonable values
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the CPU clock rate has more or less stabilized since  (after being rapidly increased
in the years before, following Dennard’s scaling principles). Likewise, the supply
voltage has decreased steadily for many years, but has now stabilized around 0.5 - 2V
[]. In modern CPU’s, heat generation is battled by keeping part of the chip “dark”
at any given time, meaning that not all of its circuits can be used simultaneously, but
this obviously comes at a cost of CPU performance. Distributing the workload over
multiple parallel cores is another trick to increase performance while limiting the
additional on-chip heat production.

These tricks will only get us so far and are themselves already approaching the
boundaries of their benefits []. While the downscaling of transistor size persists
and has now reached gate lengths as low as 14nm, to maintain the historical pace
of growth in computation capability for years to come a more radical approach may
be required. Therefore, feasible alternatives to the silicon based transistor as the
elementary building block of logic circuits are very much sought after. Rather than
electron charge and electronic current, future information processing technology
could therefore be (partly) based on entirely different state variables, such as electron
spin and spin current, electric polarization or stress. In this thesis, we focus on the
former: The spin angular momentum, rather than the charge of the electron plays a
central role in this work. Such an approach is known as spin-based electronics, or
spintronics [].

. spintronics

Enabled by the discovery of the giant magnetoresistance (GMR) effect in  [, ],
spin-based devices have already found their way into electronics in data storage appli-
cations. A good example is the hard-disk, a magnetic disk which stores information in
its magnetization texture. The data can be retrieved by reading out the local magneti-
zation state, which is done using a spin valve, a spintronic device that relies on the
GRM effect to convert the information about the magnetic arrangement into a charge
voltage. Magnetic random access memory (MRAM) based on similar principles allows
not only electronic read-out of the magnetic order, but also fast switching between two
stable states (parallel and anti-parallel), making it an ideal platform for the storage of
digital information.

Apart from its success in computer memory applications, several proposals for
spin-based logic devices have been made. The earliest (stemming from ) example
of this is the Datta-Das spin field-effect transistor (spinFET), which utilizes the spin-
orbit coupling in a narrow-band semiconductor channel to rotate the spin polarization
of the spin current flowing in the channel []. The electric field from a gate on top
of the channel can be used to tune the spin-orbit coupling strength, thus allowing to
switch the device on or off. While never realized, the concept of the spinFET planted
the idea that electron spin could be used to carry and manipulate information [].

All-spin logic

A more recent proposal is that of the all-spin logic device [], which consists of an
input and output magnet, communicating via a channel through which spin current
flows. The magnets have two stable magnetization configurations (encoding “0” and
“1”) due to their shape anisotropy, and the magnetization state of the output magnet
can be controlled by that of the input magnet: Sending a charge current through the
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input magnet generates a spin current in the channel, which is absorbed by the output
magnet and can affect its magnetization state via spin transfer torque. If the number
of input magnets is increased from one to three, all equally well connected to the
output magnet, the device functions as a majority gate. The state of the (single) output
now depends on the state of the majority of the inputs. Majority gates can be used to
implement a complete set of Boolean operations [, ], which is one of the crucial
requirements for digital information processing.

The main advantages of this approach would be ) low switching energy, reducing
dynamic power consumption and ) non-volatility, meaning that the devices maintains
its state even if the power is turned off, reducing static power consumption. While
the nonlocal spin transfer torque required to drive the output magnet has been
experimentally demonstrated [], generating sufficiently large spin currents (and
transporting them over relatively long distances) remains a critical challenge to this
device scheme [].

. magnon-based spintronics

In the previous section, spin always referred to the spin angular momentum of a
conduction electron, free to drift or diffuse through a metallic or semiconducting
channel. Much as in conventional electronics, transporting spin thus still implies
moving electrons around. However, the notion of spin as information carrier can
be taken one step further: Spin waves or magnons can transport spin, without any
electronic displacement []. This has the remarkable consequence that, making use
of spin waves, it is possible to send a spin current through an electrical insulator†.
As shown in this thesis, a spin current can thus be carried by either free electrons or
magnons, and conversion between electronic and magnonic spin currents and vice
versa is possible. These two types of spin carriers are very different in nature (elec-
trons are fermions whereas magnons are bosons), which might have very interesting
consequences for the spin transport. For instance, room temperature Bose-Einstein
condensation of magnons [] as well as the possibility of driving a magnonic spin
supercurrent in the condensate [] have been experimentally demonstrated, which
is both fundamentally and technologically very interesting. Further study of these
phenomena will not only lead to a deeper understanding of the relevant magnon
physics, but might also provide the key element in achieving very efficient spin trans-
port required to boost the prospects of spintronics as a possible successor for the
silicon-based FET in information technology. On the other hand, the question arises
how far the analogy between magnonic and electronic spin transport reaches, despite
their differences. For example, it was recently demonstrated that mesoscopic transport
phenomena such as the planar Hall effect and anisotropic magnetoresistance, well
known from electronic transport, find parallels in magnonic transport [].

† Perhaps this does not appear to be so special. After all, the same can be done with a heat current,
carried by sound waves in electrical insulators. Indeed spin and sound waves show various similarities,
but the gist is in their differences: Contrary to sound waves, spin waves interact efficiently with
magnetic fields, magnetization and spin currents, making them interesting for information processing
purposes.
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.. Coherent and incoherent magnon transport

When discussing magnon transport, it is useful to distinguish two different regimes:
Coherent and incoherent transport. Electronic transport occurs at energies close to
the Fermi energy and consequently the electrons have wavelengths close to the Fermi
wavelength. At the same time, for temperatures larger than a few Kelvin the electronic
mean free path (i.e. the distance an electron can travel before scattering) is typically
very short, meaning that transport of electrons at room temperature usually occurs
in the diffusive regime. On the contrary, magnons can be excited in a wide range of
energies and wavelengths, and the magnonic mean free path is frequency dependent.
For instance, radio-frequency magnetic fields (typically excited by an on-chip antenna)
can excite low-frequency, long-wavelength magnons which can propagate coherently
over distances of several millimeters in low damping magnetic materials [, ]. The
mean free path and phase coherence length for these low energy magnons is very long,
such that they propagate coherently through the channel (i.e. the channel acts as a
waveguide).

On the other hand, the electrical and thermal excitation methods that we employ
in this work do not provide phase coherent excitation or frequency selectivity. Instead,
magnons of all available frequencies and wavelengths (with energies smaller than
kBT ) are excited, which is described as a change in the chemical potential of the
magnon system. This includes a large fraction of high-energy magnons (i.e. with
energies comparable to the thermal energy) which are scattered much more intensively
than their long wavelength counterparts, leading to a mean free path which is orders
of magnitude shorter []. For the same reasons, the phase coherence length for
these magnons is much shorter and the magnon transport occurs diffusively, in the
incoherent regime.

.. Prospects and challenges for magnon-based logic circuits

Coherent regime

Many of the proposals for logic circuit elements based on magnons [–] rely on
the wave-like character of the excitations, and therefore require coherent magnon
transport. Information can then be encoded in both phase and amplitude of the wave,
and constructive or destructive interference can be used to implement Boolean logic
operations. As with all-spin logic, the majority operation is a function that can be
achieved efficiently using spin waves. Figure . schematically shows a coherent spin
wave based implementation of such a majority gate: Three input waveguides are
joined into one output, and at the merger spin waves are brought to interfere. In this
case, the phase of the majority of the input spin waves determines the phase at the
output. A prototype of such a spin wave majority gate has recently been realized by
Fisher et al. [], albeit on millimeter, rather than nanometer, scale.

Apart from the obvious challenge of downscaling the device (which would also
imply increasing the spin wave frequency) another challenge posed by wave-based
computing surfaces here: While the logic information is encoded in the phase φ of the
input and output signals (logic “0” for φ = 0°, logic “1” for φ = 180°), the amplitude of
the output also depends on the input state. This means for example that a “0” at the
output will have a lower amplitude when it is generated by an input configuration of
“010”, compared to “000”, as shown in the table in Fig. ., because interference is a
linear process. Consequently, such majority gates cannot be cascaded directly, since
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the output of one gate cannot directly drive the input of the next. A scheme similar
to that employed in all-spin logic might be possible, where the inputs and outputs
are buffered into integrated memory elements that can drive the next stage []. This
would also make the gate nonvolatile, at the cost of adding complexity. Benchmarking
of such a (at this point strictly hypothetical) nonvolatile spin wave device shows that
it would do very good in terms of energy requirements, resulting in both a very low
active and standby power consumption []. Alternatively, a nonlinear magnonic
circuit element, such as the magnon transistor demonstrated in [] could be used to
amplify the output signal and drive the input of the next gate, thus overcoming the
cascading problem.

Inputs A,B,C

Spin wave interferenceSpin wave interference

Spin wave transistor / buffer

V
A
, �

A
 

V
B
, �

B
 

V
C
, �

C
 

Output

V
OUT

, �
OUT

 

� 
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� 

V
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Figure .: Schematic of the spin wave majority gate realized by Fisher et al. []. The green
“trident” structure is the spin wave waveguide, patterned out of a magnetic insulator thin film. Three
red input antennas A, B and C are used to excite coherent spin waves in the input arms. The phase
φ of the spin waves is used as the state variable to encode information. In this example, φA,C = 0°
while φB = 180°. Spin waves interfere at the merger between the input waveguides, and the phase
detected by the output antenna becomes φout = 0°. The cascading problem is illustrated by the table:
The input phases {φA,φB,φC } = {0°,180°,0°} and {0°,0°,0°} yield the same output phase, but at a
different output amplitude V . This could be overcome by introducing a spin wave transistor or buffer
before the output antenna to normalize the spin wave amplitude.

Incoherent regime

For magnon transport in the incoherent regime a similar majority gate scheme could
be used, a prototype of which has been recently demonstrated []. While in this
case the device dimensions are in the micrometer range and thus getting closer to
the required scale for applications, this device suffers from the same problem of
linearity and lack of cascading. The major challenge is therefore to achieve magnon
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amplification or attenuation in this regime, a challenge which we address in chapter 
of this thesis. Thermal generation of diffusive magnonic spin currents may also find
its way into applications, not necessarily limited to logic circuits but for instance
thermoelectric power generation []. Alternatively, a thermally generated magnonic
spin current could be used to apply a spin transfer torque to a magnetic layer [],
thereby altering the magnetization state. If a sufficient degree of control over such
thermally induced magnon currents can be achieved, this might be useful to switch
magnetic memory cells, making use of the waste heat generated elsewhere on the
chip.

Magnonic spin currents and the magnon spin conductivity

A claim that is commonly heard in the literature is that magnonic spin currents are
“Joule-heat free” because they do not involve electron motion, thereby referring to
the process of Joule heating: The power dissipated by electronic current passing
through a conductor. While this may be true in the narrowest sense of the definition
of Joule heating, this does not mean that magnonic spin currents are dissipationless.
In fact, as we show throughout this thesis, diffusive magnonic spin currents dissipate
energy even when spin relaxation is not considered. As for electric currents, diffusive
motion implies scattering and (inelastic) scattering processes imply dissipation. In
chapters  and  we show that the degree to which a material supports the flow of a
diffusive magnonic spin current can be characterized by a magnon spin conductivity,
analogous to the electrical conductivity for electronic currents. As they diffuse through
the material, magnons undergo many scattering events (for instance collisions with
phonons, or material impurities) which randomize their momenta and transfer part
of their energy to the crystal lattice. Therefore, such a spin current dissipates energy
according to “spin-Joule heating”, which is very similar to ordinary Joule heating
in the sense that it is proportional to the current density squared and the inverse
of the conductivity. This same reasoning does not apply directly to the coherent
regime, where the mean free path is long and energy dissipation via scattering is thus
not significant. Instead, the dipolar interaction (i.e. magnetization damping) then
becomes the dominant dissipation mechanism. The present discussion shows that
such claims should be made and evaluated with care.

. nonlocal spin transport measurements

Up to this point, the main focus of the motivation behind the research in this thesis has
been on applications. While certainly an important aspect, the research itself is funda-
mental in nature. Therefore, in this section we briefly touch upon the possibilities that
the nonlocal magnon spin transport scheme which we demonstrated experimentally in
chapter  brings in terms of probing magnon physics and characterization of materials.
An electronic measurement qualifies as nonlocal when the current and voltage probes
are applied in such a way that the current and voltage paths have no spacial overlap.
This means that the charge current that drives the experiment flows in a different
part of the material from that over which the voltage response is measured. The main
advantage of this approach is that it allows to spacially separate the spin and charge
currents, making an independent study of spin transport in a material possible.

Experiments employing nonlocal spin injection and detection devices have been
instrumental in probing the transport of spin in metals [], semiconductors []
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and graphene []. Varying the experimental parameters such as distance between
the spin injection and detection contacts or magnitude and direction of the external
magnetic field allows for the accurate determination of the transport properties of the
spin information carriers in the channel, such as the spin relaxation length, diffusion
constant and spin relaxation time []. Furthermore, the analysis of such experiments
has for instance identified the fundamentally limiting factors for spin injection from
one material to another []. Consequently, methods to partially circumvent this issue
have been developed [], advancing the field of spintronics as a whole. The nonlocal
magnon spin transport measurement technique we developed in this thesis promises
to be as useful for probing spin transport through insulators as its counterpart is for
electronic spin transport, as we illustrate in further detail below.

I

V

H

I

V

H

I

V

H

a b c

2010

Kajiwara et al.

Lateral geometry

Nonlinear excitation

2012

Zhang & Zhang (theory)

Sandwich geometry

Linear excitation

2015

Cornelissen et al.

Lateral geometry

Linear excitation

Figure .: Sketch of the different measurement geometries and techniques for dc spin-current
driven nonlocal magnon spin transport experiments. Green marks the magnetic insulator film, and
the gray structures represent heavy metal electrodes in contact with the film. H marks the direction
of the external magnetic field. Current (I) and voltage (V ) connections are indicated. (a) Lateral
geometry employed by Kajiwara et al., reported in . Magnon excitation is nonlinear with respect
to the applied current and a threshold spin current density has to be overcome to measure any detector
response. Typical injector-detector distance is 1mm (edge-to-edge). (b) Sandwich geometry proposed
by Zhang and Zhang in . Detector response should be linear with respect to the applied current
and no threshold should be observed. Experiments using this geometry were performed by Li et al.
and Wu et al. in  [, ], who reported magnon excitation in the linear regime. (c) Lateral
geometry developed in this thesis, reported in . Typical injector-detector distance is 10µm
(center-to-center).

The possibility of using electrically exited magnons for information transport
was pioneered by Kajiwara et al., who used a nonlocal experiment with a rather
large platinum injector and detector to demonstrate magnon transport on a length
scale of several millimeters []. They reported a nonlinear voltage response of
the detector, yet the experimental details could not be reconciled with theory and
their experiments proved difficult to reproduce. Not much later, Zhang and Zhang
[, ] showed theoretically that such a nonlocal experiment should also be possible
in the linear regime. They proposed a geometry in which a magnetic insulator is
“sandwiched” between a top and bottom electrode that act as magnon injector and
detector, respectively. This proved challenging to realize from a material growth point
of view, but nevertheless their proposed geometry was successfully employed by Li et
al. and Wu et al. [, ] who indeed observed magnon spin transport in the linear
regime. Meanwhile, we followed a lateral approach but on a much shorter length
scale than Kaijwara et al., realizing that the mechanism Zhang and Zhang described
is not limited to the sandwich geometry they proposed. Our method has several
advantages over the sandwich, the key ones being the superior magnetic insulator
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quality it enables, as well as the possibility if offers to compare signals across different
devices on the same magnetic insulator film. We were thus able to firmly establish
the existence of dc spin-current driven magnon spin transport in the linear regime in
 (chapter ). Figure . gives an overview of the different nonlocal magnon spin
transport measurement schemes.

.. Magnon chemical potential

One of the key fundamental questions that we set out to answer in this thesis, is how
spin currents in the magnonic and electronic systems are connected at an interface
between a conductor and magnetic insulator. A question that naturally follows from
this is by which parameters to describe diffusive magnon spin transport. Electronic
spin transport is described in terms of a spin-dependent chemical potential: The non-
equilibrium parameter that governs the spin current is the difference between the spin-
up and spin-down chemical potentials, usually referred to as the spin accumulation.
In earlier work in the field of magnonics, the spin current from a magnon system to
a metal was described in terms of a temperature difference between magnons and
electrons at the interface: The non-equilibrium parameter governing the magnonic
spin current is then the difference between the magnon and phonon temperatures,
and the electronic spin current in the conductor is generated via the interfacial spin
Seebeck effect []. However, the experimental results we obtained in chapter 
from our nonlocal magnon spin transport experiments turn out to be inconsistent
with this description (as we show in chapter ) and cannot be described using only
the magnon temperature as a non-equilibrium parameter. Instead, we show that
a non-zero magnon chemical potential has to be included in the model. Gradients
in this magnon chemical potential are the main driving force for the magnon spin
current. At the interface, the magnon chemical potential is then coupled to the
spin accumulation via the interface spin conductance, and the spin current across
the interface is simply proportional to the difference between the (magnonic and
electronic) chemical potentials in both materials.

.. Experimental progress beyond this thesis

Apart from providing answers to the fundamental questions outlined above, nonlocal
magnon spin transport experiments have enabled additional progress in the field to
be made by us as well as other research groups. Varying the experimental parame-
ters such as temperature [–] and external magnetic field [] has revealed the
dependence of the relevant transport coefficients on these experimental conditions,
which led to an increased understanding of the magnon spin transport physics. Recent
Brillouin light scattering experiments provide additional evidence for the role of the
magnon chemical potential in the excitation of magnons via electronic spin currents
[]. Furthermore, magnon spin transport in various materials has been investigated,
for example nickel ferrite [] and gadolinium iron garnet []. It has also been used
as a tool to study the effect of magnetic frustration at the magnon transport channel
surfaces and channel|contact interfaces involved in the transport, further exemplify-
ing the importance of interfaces in spin transport in general []. Recently, Thiery et
al. have shown that magnon spin injection can be pushed beyond the linear regime,
leading to further insight in the properties of the magnons involved in spin transport
[]. Finally, Wesenberg et al. very recently used the same measurement scheme to
investigate spin transport through amorphous yttrium iron garnet, which exhibits no
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long range magnetic order []. While their results are in principle appealing from a
technological point of view, the mechanisms responsible for the spin transport in the
amorphous case are not well understood yet. Clearly, many open questions remain,
but nonlocal magnon spin transport measurements combined with optical techniques
such as micro-focused Brillouin light scattering [] or other novel approaches such
as single-spin magnetometry [] will surely provide more answers in the future.

. thesis outline

The remainder of this dissertation is organized as follows:

• Chapter  outlines the basic principles behind spintronics in magnetic insu-
lators. The key properties of magnons are touched upon and the dispersion
relation for magnons in a thin magnetic film is discussed. Furthermore yttrium
iron garnet, the magnetic insulator of choice for magnon spintronics, is intro-
duced. The interaction between electronic spin currents, magnetization and
magnons is discussed extensively, as is the spin Seebeck effect. The chapter
ends with a brief discussion on the role of the magnon-phonon coupling on spin
transport in magnetic insulators.

• Chapter  constitutes the first observation of diffusive nonlocal magnon spin
transport, and explains the measurement scheme in detail. The angle, distance
and driving current dependence of the nonlocal signal are discussed and a one
dimensional spin diffusion-relaxation model is introduced, which is used to fit
the experimental data.

• Chapter  describes a linear-response transport theory for diffusive magnon
spin and heat transport, in which magnons are described by both their tempera-
ture and chemical potential. Expressions for the relevant characteristic length
scales and transport coefficients are derived. A finite-element model is used
to numerically calculate the expected nonlocal signal, which is used to fit the
experimental distance dependence obtained in the previous chapter.

• Chapter  reports the effect of the magnitude of the external magnetic field
on the magnon spin transport coefficients. Experiments were performed as
a function of angle, magnetic field and distance, and the diffusion-relaxation
model for spin transport developed in chapter  is used to extract the magnetic
field dependence of the magnon spin diffusion length.

• Chapter  discusses the influence of the sample temperature on the magnon
spin transport properties. Angle dependent measurements were performed as
a function of temperature and distance, and the temperature dependence of
the magnon spin diffusion length and magnon spin conductivity is extracted by
fitting the data to the finite-element model developed in chapter .

• Chapter  explores the influence of the strong magnon-phonon coupling in yt-
trium iron garnet on magnon spin transport. A resonant feature in the nonlocal
magnon spin injection/detection signals as a function of the external magnetic
field was observed for various distances and temperatures. Both resonant en-
hancement and suppression of the nonlocal signal are possible, depending on
the specific distance and temperature. Using finite-element modelling, these
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observations were ascribed to the competition between thermal generation and
diffusive backflow of magnons.

• Chapter  investigates the possibility of manipulating magnon spin transport
by electrical means. The magnon density in the channel is modulated using an
additional contact on top of that channel, from which magnons can be injected
or absorbed via a dc current. This leads to a magnon spin conductivity that
depends both on the magnitude of the dc current and on the angle between the
magnetization and the contact, resulting in amodified angular dependence of the
nonlocal signal from injector to detector. The observed modulation efficiency is
compared to the theory using finite-element modelling, and a possible direction
for further increasing this efficiency is investigated using the model.

• Chapter  summarizes the main conclusions drawn in the earlier chapters. In
addition, it identifies some of the pertinent open questions in the field and
provides suggestions for experiments that would be useful to carry out in the
near future.

The appendix to this thesis describes the nanofabrication and electrical measurement
techniques employed in this work.
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SPINTRONICS IN MAGNETIC INSULATORS

ABSTRACT

Most of theoretical background needed to understand the work described in the
later chapters of this thesis is introduced in this chapter. It thus serves as a gentle
introduction to the material, and as such touches upon a wide range of topics. The
basic properties of magnons are introduced, after which we discuss their dispersion
relation and how magnons and spin currents can interact. We then review the source
of spin current used in this work: The spin Hall effect in metals. Near the end of the
chapter, the nonlocal magnon injection and detection scheme is introduced and both
electrical and thermal generation of magnons are discussed. The chapter ends with a
brief discussion of magnon-polarons (hybridized magnons and phonons) and their
role in the spin Seebeck effect.
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. introduction

Magnetic insulator spintronics (or magnon spintronics) is a relatively young research
field that is focused around the transport of spin angular momentum through ma-
terials which are electrically insulating and exhibit magnetic ordering. Contrary to
electron-based spintronics, in magnon spintronics spin transport is not accompanied
by the motion of free electrons. Instead, the spin is carried by magnons, the low-energy
excitations of magnetically ordered systems. However, electronic spin currents are
frequently used in magnon spintronics nevertheless, since they provide efficient ways
of exciting and detecting magnonic spin currents.

In the literature the terms “magnonics” and “magnon spintronics” are used more
or less interchangeable to cover the broad subfield of magnetism related to spin waves
in general [–]. A subtle distinction can be made however: Magnonics revolves
around the propagation and manipulation of spin waves, whereas the central idea in
magnon spintronics is to provide an interface between electronic and magnonic spin
currents (see Fig. .). Magnonics often involves the use of high frequency magnetic
fields to achieve frequency-selective excitation of magnons, contrary to the thermal or
dc spin-Hall-effect-based excitation methods used in magnon spintronics which do
not provide any frequency selectivity.

Spin
tr

onic
s M

agnonics

Magnon 

spintronics

Figure .: Illustration of the relation between spintronics, magnonics and magnetic insulator
spintronics (magnon spintronics). Spintronics revolves around the transport of spin via the motion of
conduction electrons, whereas magnonics focuses on the transport and manipulation of spin waves.
Simply put, magnon spintronics aims to form an interface between electron-based spintronics and
magnonics, facilitating the excitation and detection of magnons by simple electrical means and
bringing these two fields together.

This chapter serves as a simple introduction to the world of magnons, spin waves
and magnetic insulators. It is meant to provide the basic background knowledge
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needed to understand the research described in the later chapters of this thesis. In
Sec. ., the properties of spin waves are introduced. Section . revolves around
yttrium iron garnet (YIG), a synthetic magnetic insulator which, for reasons that will
be explained later, is the material of choice for magnonics and magnon spintronics. In
Sec. ., we discuss how the energy of a magnon depends on its wavenumber, known as
the dispersion relation, in the thin magnetic films that we use extensively throughout
this thesis. Next, we turn to spin currents, and how to generate or detect them in heavy
metals in Sec. .. We then briefly touch upon the time-dependent behavior of the
magnetization, and discuss how this interacts with spin currents in Secs. . and ..
In Sec. ., the processes of electrical magnon excitation and detection are discussed,
while in Sec. . we introduce the concepts of the thermal generation of magnons.
Finally, Sec. . briefly introduces magnon-polarons: Quasiparticles resulting from
the hybridization between magnons and phonons, formed due to the magnon-phonon
interaction.

. spin waves and magnons

The magnetic ground state of a ferro- or ferrimagnetic material can be described as a
Heisenberg chain, a linear chain of spins representing the net electronic spin of the
individual atoms in a crystal lattice. In the ideal (classical) ground state, all spins in
the chain point in the same direction (Fig. .a). However, this ground state alignment
is only achieved at zero temperature, since the thermal motion of the spins hinders
their parallel orientation. The alignment of the spins arises due to the exchange
interaction between two particles with spin angular momenta S1 and S2, described by
the Hamiltonian []

Ĥex = −2I1,2(r12)S1 ·S2, (.)

where I1,2(r12) is the exchange integral. For ferromagnetic systems I1,2 > 0, such that
the energy is minimal for parallel alignment of S1 and S2. I1,2 decreases rapidly as the
distance between the particles r12 increases. In many magnetic materials (including
YIG), the electrons responsible for the magnetism are oriented in such a way that no
significant overlap in wavefunction between neighboring spins exists, and therefore
the direct exchange interaction described by Eq. . is negligible. In such cases, the
interaction is mediated by other (non-magnetic) particles which lie in between the
interacting spins, via the superexchange interaction [, ]. However, this can still be
approximated by Eq. ., where the underlying physical mechanism of the interaction
determines the sign and magnitude of I1,2, as well as its dependence on r1,2 [].

The concept of a spin wave was invented by Bloch in  [], when he derived the
temperature dependence of the saturation magnetization of ferromagnetic materials

Ms(T ) =Ms(0)
[
1− (T /TC )3/2

]
, (.)

where Ms(T ) is the saturation magnetization at a certain temperature T and TC is the
Curie temperature of the material. This relation holds for T < TC and is now known
as the Bloch law. At T = TC the thermal motion completely destroys the magnetic
order and the system becomes paramagnetic. Within the Heisenberg model, a spin
wave represents a phase-coherent precession of the spins in the chain around their
equilibrium position [], as shown schematically in Fig. .c. This can be thought of
as a single spin flip in the chain (Fig. .b) that is distributed coherently over all spins
in the system. In his  paper, Bloch showed that the energy associated with a spin
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Figure .: (a) Simplified picture of the spin configuration in the magnetic ground state of a ferro-
or ferrimagnetic material. Arrows indicate the configuration of the net spin of each lattice site. The
net spin of the system is 5�. (b) Excited state of the system, one spin is reversed. The net spin of
the system is reduced by 1�. Due to the strong exchange interaction between neighboring spins, this
energy cost associated with this excitation is large. The lowest energy excitations of the system are
therefore excitations in which the spin reversal is distributed over the spin chain. An example of such
a spin wave excited state is shown in (c).

wave excitation of the chain is lower than that of a single spin flip, which means that
the low-energy excitations of the chain will have a spin wave character. From Fig. .
it is straightforward to see that a spin wave reduces the total spin, and therefore the
total magnetization, of the system. Equation . implies that the number of spin
waves in a ferromagnetic system in thermal equilibrium is proportional to (T /TC )3/2.

Holstein and Primakoff and Dyson [, ] showed that the spin wave energies are
quantized, and that these “spin wave quanta” can be described as weakly interacting
quasiparticles that obey Bose-Einstein statistics. These bosonic quasiparticles are now
known as magnons, and they can transport both spin and heat through the magnetic
system. A magnon always carries a spin of 1� (aligned oppositely to the net spin
direction in the system), but its energy depends on wavenumber according to the
dispersion relation of the corresponding spin wave mode.

. the fruit fly of magnonics: yttrium iron garnet

Yttrium iron garnet (Y3Fe5O12 — YIG) is a synthetic ferrimagnetic material that
has been of enormous importance in the research on the physics of magnets in the
past half century [, ]. The first report of its synthetization and spontaneous
ferrimagnetism dates back as far as  [, ]. The role of YIG in magnetism
is comparable to that of the fruit fly in genetics, a statement supposedly made by
Kittel in the ’s []: YIG serves as an ideal platform for studying new effects and
phenomena in magnets, and the material plays a central role in many groundbreaking
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papers in the field of magnonics (for example Refs. [–]. More examples can be
found in the review articles [–, ]). There are a number of reasons for this: First
and foremost, its magnetic quality is second to none, as it has the lowest Gilbert
damping (which governs the relaxation of the dynamic magnetization, see Sec. .)
of any material known to date leading to very long spin wave lifetimes. Second,
it is an electrical insulator with a bandgap of Eg ≈ 2.8eV, which means that no
spurious charge currents which can complicate the analysis and interpretation of
experiments can arise (however, for ultra-thin YIG films and high temperatures this
is not necessarily valid and should be checked carefully []). Third, it has a Curie
temperature TC = 559K [], which means that experiments can be carried out at
room temperature. Fourth, the YIG crystal growth is, despite its complex structure, so
well perfected that its acoustic damping is even lower than that of quartz []. It is
usually grown on a gadolinium gallium garnet (Gd3Ga5O12, GGG) substrate which
provides very good lattice matching to YIG in order to achieve optimal film quality.

The YIG unit cell contains four formula units of Y3Fe
3+
2 Fe3+3 O2−

12, where the mag-
netic ions Fe3+ occupy two different positions with respect to their O2− environment,
the octahedral (a) and tetrahedral (d) sites. The ions at the a and d sites are antiferro-
magnetically coupled, via the superexchange interaction mediated by the O2− anions.
The total number of magnetic cations in the unit cell is  (a + d), which given the
spin quantum number of the Fe3+ cation of s = 5/2 leads to a net magnetic moment
per unit cell of µuc = 5/2(12 − 8)µB = 10µB, where µB is the Bohr magneton, at zero
temperature. While the magnetism in YIG is clearly ferrimagnetic in nature, for many
practical purposes this can be safely neglected and it can be treated as a ferromagnet
with its magnetization direction governed by the Fe3+ ions at the d sites. This approach
is used consistently throughout this thesis, even though it is strictly speaking only
valid in the low-energy limit []. Recent work by Barker and Bauer [] showed
that, especially in relation to the spin Seebeck effect at elevated temperatures, the
ferrimagnetic character of YIG should in fact be taken into account.

. spin wave dispersion

Three types of spin waves can be distinguished: On the low energy side of the spectrum
we have long wavelength, low frequency spin waves of which the energy is dominated
by the contribution of the magnetic dipole-dipole interaction. They are referred to as
dipolar magnons. On the opposite end, the exchange interaction sets the energy scale
and the spin wave wavelengths are short and the frequency is high. These are known
as exchange magnons (also called thermal magnons, because their energies are on the
order of kBT ). In the intermediate regime both the dipolar and exchange interaction
are relevant, and spin waves in this regime are known as dipolar-exchange magnons.
Hence, in order to find the full spin wave dispersion of a particular magnetic sample
both the dipolar and the exchange interaction have to be taken into account. For
ferromagnetic thin films, Kalinikos and Slavin [] derived a convenient method to
calculate the spectrum.

The sample geometry is defined in Fig. .. The first step is to find the total internal
static magnetic field H i in the sample, for a given external magnetic field He (such
that both magnitude He and direction η are known) and saturation magnetization Ms.
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Figure .: Geometry and coordinate system definition of the magnetic thin film sample used to
calculate the magnon spectrum. Two different coordinate systems are defined: The axes {a,b,c}, where
a and b lie in the plane of the film, and c is the film normal. Magnons are assumed to propagate
along b. In addition, the system {x,y,z}, where z is parallel to the magnetization M of the film. The
projection of z on the ab-plane makes an angle ϕ with the b axis, and both z and M are under an
angle θ to the c axis. The external magnetic field He is applied in the xz-plane, and makes an angle η
with the c axis. Note that the internal static magnetic field H i is parallel to M . The film is assumed
to be magnetized to saturation, such that |M | =Ms . The film has thickness d and it extends infinitely
in the a and b directions.

The magnitude Hi and direction θ can now be found by solving

Hi cosθ =He cosη −µ0Ms cosθ (.)
µ0Ms sin2θ = 2He sin(θ − η). (.)

For the case η = θ = 90°, the magnetization lies in the film plane and the total internal
field is simply Hi =He. We now define

ωH = γµ0Hi (.)
ωM = γµ0Ms, (.)

where µ0 = 4π×10−7 TmA−1 is the permeability of the vacuum and γ is the gyromag-
netic ratio for electron spin. The magnon dispersion is then given by [, ]

ω(k,ϕ,θ) =

√(
ωH +

Js
�
k2
)(
ωH +

Js
�
k2 +ωMF(k,ϕ,θ)

)
, (.)

F(k,ϕ,θ) = P(k) + sin2(θ)

1−P(k)(1 + cos2ϕ) +ωM
P(k)(1−P(k))sin2ϕ

ωH + Js� k2

 , (.)

P(k) = 1− 1− e−kd

kd
, (.)

with Js the spin wave stiffness constant of the material and � the reduced Planck
constant. Here, any pinning of the spins at the sample surface is assumed to be
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negligible. Equation . can be used to find the dispersion for magnon modes with
different propagation directions: The combination ϕ = 0,η = 90°, yields the dispersion
for backward volume magnetostatic waves (BVMSW, propagation along the external
field), while ϕ = 90°,η = 90° gives the dispersion for magnetostatic surface spin waves
(MSSW, also known as Damon-Eshbach modes []. These spin waves propagate
along the surface of the film). Finally, ϕ = 0,η = 0 gives the result for forward volume
magnetostatic waves (FVMSW).
a b

φ

φ

φ

φ

φ

φ

Figure .: Magnon dispersion ω(k) for forward volume ( ), backward volume ( ) and magneto-
static surface modes ( ) in YIG, for a film thickness of d = 210nm (a) and d = 5µm (b). We used
for an external field µ0He = 15mT, and the material parameters for YIG are Js = 8.5× 10−40 Jm2

and µ0Ms = 175mT. The YIG magnetization is assumed to be parallel to the external magnetic field.

Figure . shows examples of the dispersion for YIG, for different film thicknesses.
At low wavevectors (k � 1× 107m−1), the dipole-dipole energy dominates, resulting
in a very anisotropic dispersion due to the magnetic shape anisotropy. Varying the
film thickness significantly alters the spectrum in this regime. On the other hand, for
k � 1× 108m−1, the exchange energy dominates and the dispersion becomes isotropic,
following ω(k) ∝ k2 for all modes.

For the uniform (ferromagnetic resonance) mode, k = 0 and since limk→0P(k) = 0,
Eqs. . and . reduce to []

ω =
√
ωH

(
ωH +ωM sin2θ

)
. (.)

When the magnetization lies in the film plane, Eq. . results in the well-known
Kittel equation for ferromagnetic resonance, ωFMR =

√
ωH (ωH +ωM ) []. For low

wavevectors, the backward volume and magnetostatic surface spin waves converge
to the FMR frequency, which is ωFMR/(2π) = 1.5GHz for the sample considered in
Fig. ..

Throughout this thesis, we assume that our magnetic film is thin enough so that
Eqs. . and . yield P ≈ 0, F ≈ 1 and the dispersion for magnons propagating in
the film plane is isotropic. This approximation can be made because the thermal
energies up to which we are exciting magnons lie well in the exchange regime, where
the dipolar effects resulting from the finite film thickness are negligible.

Figure . shows that the magnon dispersion is gapped, i.e. magnons have a
minimal energy. For infinitely thin films that are magnetized in-plane, this minimum
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is equal to the FMR frequency, but for thicker films it can be lower (for example,
when d = 5µm as in Fig..b, the minimum is ωmin/(2π) ≈ 0.5GHz). The energy
associated with the minimal energy state is known as the magnon energy gap. The
state with minimal energy plays a crucial role in the Bose-Einstein condensation
of magnons: When the chemical potential of the magnon gas becomes equal to
the magnon gap, a magnon Bose-Einstein condensate (BEC) is formed in this state
[]. This is particularly relevant for the research presented in chapter , where
we investigate the effect of the electrically induced magnon chemical potential on
the magnon population and magnon density. Our simulations show that when the
chemical potential approaches the gap, nonlinear effects related to the onset of the
BEC start to appear.

. the spin hall and inverse spin hall effect

The spin Hall effect (SHE) constitutes the conversion of a charge current into a trans-
verse spin current (Fig. .a) due to spin-orbit coupling in the material in which the
current flows. The reciprocal effect, known as the inverse spin Hall effect (ISHE),
generates a transverse charge current when a spin current flows through the material
(Fig .b). The charge-to-spin conversion is governed by the phenomenological pa-
rameter known as the spin Hall angle, θSH, which relates the spin and charge current
densities (Js and Jc respectively) in both the SHE and the ISHE. The magnitudes of the
current densities are then given by

Js = θSH Jc spin Hall effect, (.)
Jc = θSH Js inverse spin Hall effect. (.)

Both the charge and spin current densities are described in units of A/m2. The spin
current can be converted to a flux of angular momentum by multiplying with �/(2e),
where −e is the electron charge.

For the spin Hall effect, the direction of the generated spin current flow is always
perpendicular to the initial charge current. The direction of the spin current polariza-
tion is dependent upon the spin current flow direction of interest. For example, in
the illustration in Fig. .a, we are interested in the flow of spin current along the y
direction. The spin orientation of the spin current in this direction, σy (also referred
to as the polarization direction), is then given by

σy = js × jc. (.)

Here, js is the unit vector defining the direction of the spin current flow and jc that
for the charge current flow. A similar analysis can be made for the direction of spin
current flow along any vector in the xy-plane.

Analogously, for the inverse spin Hall effect the resulting charge current direction
depends on the direction and polarization of the incoming spin current, according to

jc = js ×σz. (.)

Here, σz is the polarization of the incoming spin current, where the subscript z again
indicates the spin current flow direction. Eqs. . and . hold for a positive spin
Hall angle [].
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Figure .: (a) Illustration of the spin Hall effect (SHE). A charge current Jc induces a transverse
spin current Js . Spin down electrons (e−) are deflected to the −y direction, while spin up electrons (e−)
are deflected towards +y. Both spin species are initially moving in the −z direction. (b) Illustration of
the inverse spin Hall effect (ISHE). The spin current Js induces a transverse charge current Jc . Spin
down electrons are initially moving in the +z direction, while spin up electrons are moving towards
−z. Both spin species are deflected to the +y direction.

.. Origin and history

The SHE and ISHE originate from spin-orbit interactions, which result in a difference
in momentum for spin up and spin down electrons. The interaction either occurs
during the acceleration of the electrons in between scattering events, as a consequence
of the band structure of the material (intrinsic mechanisms) or during the scattering
itself (extrinsic mechanisms) []. Two different extrinsic mechanisms can be distin-
guished: Spin skew scattering, in which the spin-orbit coupling gives rise to spin
dependent scattering with different outgoing momenta for spin up and spin down
electrons. And side-jump events, due to a difference in acceleration and deceleration
for spin up and spin down electrons upon scattering, such that they are effectively
displaced sideways after a scattering event.

The SHE was predicted by D’yakanov and Perel in  [] and later by Hirsch
[], who also gave it its name, and Zhang [], who further developed the theory
taking into account spin diffusion and relaxation. The first experimental observations
of the effect were made by optical means in semiconductors [, ], and shortly after
it was detected electronically in aluminum [] (they actually measured the conversion
of spin current to charge current, i.e. the inverse spin Hall effect, but referred to it as
spin Hall effect). One year later, it was found that the spin Hall angle of platinum (Pt)
is roughly four orders of magnitude larger than that of its semiconductor counterparts
[], which made Pt the material of choice for devices relying on the SHE for spin
current generation. Other d (as well as d) transition metals such as tantalum and
tungsten were also reported to exhibit large spin Hall angles [–].
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.. Applications

The remarkable feature of the spin Hall effect is that it generates a spin current which
is not accompanied by a charge current in the same direction. Such a current is called
a pure spin current, and it is very different from the spin current resulting from
spin injection by ferromagnetic contacts [, ]. When injecting with ferromagnets,
the spin current is always accompanied by a parallel charge current, even for an
ideal polarization of the current of 100%. Furthermore, the symmetry of the effect
implies that the spin current can be directed towards materials which are electrically
insulating, such as YIG. Conversely, the ISHE allows for the detection of spin currents
which originate in electrically insulating materials. And finally, even though the
spin Hall angle is typically reported to be on the order of a few percent for platinum
[, –], this turns out to be sufficient to generate spin currents large enough to
drive coherent magnetization dynamics in YIG [] or permalloy [] nanodisks, or
reorient the static magnetization of a thin film of thulium iron garnet [].

.. Spin accumulation due to the spin Hall effect

Consider the Pt bar sketched in Fig. .a. When a current is passed through this bar,
according to Eq. ., spin currents will be generated in the Pt, the direction of which
can be found using Eq. .. However, because the long sides of the bar are isolated,
the spin currents impeding on the sides cannot leave the material, causing electron
spins with a certain polarization to accumulate on the Pt side of the Pt|vacuum
interface. This can be described by the electronic spin accumulation µs = µ↑ − µ↓,
i.e. the difference in electrochemical potentials for spin up (µ↑) and spin down (µ↓)
electrons. This effectively splits the electronic system into two subsystems of spin up
and spin down electrons, which can both be described by Fermi-Dirac distribution
functions with different chemical potentials (as well as different temperatures [],
which we do briefly discuss in chapter  but neglect for now). µs is proportional to the
non-equilibrium spin density δs = n↑ −n↓ [], where n↑ (n↓) represents the density of
spin up (spin down) electrons. Here, up and down is defined with respect to the spin
quantization axis, which in turn depends on the orientation of the surface at which
the spins are accumulating (see Fig. .a).

Unlike its charge, the electron spin is not a conserved quantity. The total angular
momentum of the system has to be conserved, but via spin flip scattering events spin
angular momentum can be transferred from the electronic subsystem to the crystal
lattice. This spin relaxation is described by the spin diffusion equation []

∇2µs =
µs
λ2
s
, (.)

where λs is the spin relaxation (or spin diffusion) length, which describes the length
scale over which an imbalance in spin species relaxes to equilibrium. In most metals,
spin relaxation is due to spin-orbit coupling induced by the lattice ions, in combination
with ordinary momentum scattering (for instance by phonons or impurities). This
combination causes mixing of the spin up and spin down states which leads to spin
relaxation. This is known as Elliot-Yafet spin relaxation [, ]. Note that for the
diffusive picture of spin transport to hold, the electron mean free path must be shorter
than the spin relaxation length.
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Figure .: (a) Platinum bar in vacuum, with a certain thickness d > λs . A current I is passed
through the bar in the −x direction, causing spin currents to be generated by the SHE and consequently
spin accumulation at the Pt|vacuum interfaces (sketched by the spins in the yz surface of the bar).
The spin orientation can be found using Eq. ., for instance for the spin current in the positive z
direction: σz = −x̂ × ẑ = −ŷ, with x̂, ŷ, ẑ the unit vectors in the x, y and z direction. (b) Sketch of the
spatial profile of the spin accumulation µs in the bar, along the z axis. The spin quantization axis is
defined to point in the −y direction. z = 0 marks the middle of the bar. For z > 0, spin up (blue) is
accumulating, while for z < 0 spin down (green) accumulates, resulting in a negative µs .

When the chemical potential in a paramagnetic metal is spatially nonuniform, this
results in a spin current according to []

Js = −
σe
e
∇µs, (.)

for a particular spin orientation of µs. Here, σe is the electrical conductivity. Js is a
vector that describes the density of the spin current (with spin angular momentum
oriented parallel to µs) in the x, y, and z directions. Equations . and . can be
applied to the Pt bar in Fig. .a to find the spatial profile of µs in the bar. We define
z = 0 to be in the middle of the bar, and the spin directions ↑‖ −ŷ and ↓‖ +ŷ, where ŷ is
the unit vector in the y direction. Again, µs = µ↑ −µ↓. On the top surface of the bar, a
positive µs builds up whereas on the bottom surface spin down electrons accumulate,
resulting in a negative µs. Taking the spin current generated by the SHE into account,
the spin current density as a function of z is given by

Js(z)
∣∣∣
x,y=const.

= −σe
e

dµs(z)
dz

+ JSH, z
s , (.)

where JSH, z
s is the spin current generated by the SHE in the z direction. JSH, z

s is constant
in z and can be found using Eq. ..

Considering the one-dimensional form of Eq. ., the general solution is given by

µs(z) = Ae−z/λs +Bez/λs , (.)

where A and B are constants that depend on the boundary conditions. For the
Pt|vacuum interfaces considered here, the boundary conditions are given by

Js(z = −d/2) = 0, (.)
Js(z = d/2) = 0, (.)
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i.e. no spin current can leave the material. From the symmetry of the boundary
conditions Eqs. . and ., we can see that B = −A. To find A, we take the derivative
of Eq. . and evaluate it at z = d/2, so that we have

dµ
dz

∣∣∣∣∣
z=d/2

= − A
λs

(
e

d
2λs + e−

d
2λs

)
, (from Eq. 2.18) (.)

dµ
dz

∣∣∣∣∣
z=d/2

=
e
σe

JSH,z
s , (from Eqs. 2.17 and 2.20) (.)

which finally gives

µs(z) = JSH,z
s

eλs

2σe

exp
(
z
λs

)
− exp

(
− z
λs

)

cosh
(

d
2λs

) . (.)

A sketch of µs(z) is given in Fig. .b. From the preceding discussion it is clear that due
to the buildup of µs at the interfaces, a spin current opposite to the driving spin Hall
current arises. In steady state and for an isolated piece of material, at the interfaces
these opposing currents are exactly equal such that they vanish. However, if the Pt
bar is brought into contact with another material (it is put on top of a YIG film for
instance), the boundary conditions change, in which case spin current can leave the
material and the SHE can be used as a spin current source.

In chapters , ,  and  of this thesis, we use Eq. . to find the spin accumulation
that builds up at the interface between the Pt contact and the YIG film. Evaluated at
z = d/2, Eq. . reduces to

µints = JSH,z
s

eλs

σe
tanh

(
d
2λs

)
, (.)

which we use as boundary condition for the finite element model of our devices
that is developed and discussed in detail in chapter . Note that the underlying
assumption here is that coupling between Pt and YIG is relatively weak, such that the
spin current across the Pt|YIG interface does not significantly reduce µs. The validity
of this assumption depends on the relative orientation between the magnetization
M of the YIG and the spin accumulation µs in the Pt: When magnetization and spin
accumulation are perpendicular to each other, it is not valid and the spin current
across the interface significantly reduces µints (see for instance Ref. [], and the next
section of this chapter). However, for the case when M and µs are collinear (which we
consider in the remaining chapters of this thesis), a relatively small amount of spin
current is injected into the YIG such that µints is only weakly affected.

. magnetization dynamics

The well-known Landau-Lifshitz-Gilbert (LLG) equation describes the dynamics of a
magnetization (M ) subject to a magnetic field (H) and Gilbert damping in the magnet.
It is given by [–]

dM
dt

= −γM ×H +
α
Ms

M × dM
dt
−

γ�µ0
2VMs

M × (M × I s) , (.)

where γ is the gyromagnetic ratio, α the phenomenological Gilbert damping pa-
rameter and V is the volume of the magnet. The first term in Eq. . describes
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the precessional motion of the magnetization around the effective magnetic field
(including the external, demagnetization and anisotropy fields). The second term
describes magnetization damping towards its equilibrium configuration, representing
all dissipation channels via which the magnetization can lose energy and relax to its
(static) ground state. This can have both intrinsic and extrinsic contributions: Intrinsic
damping, usually known as Gilbert damping, arises due to spin-orbit coupling (which
does not conserve spin) in the magnet []. Extrinsic damping can for instance be
due to spin pumping from the ferromagnet into an adjacent metal layer, which is
discussed further below.

.. Spin transfer torque

The final term was added by Slonczewski in  and describes the response of the
magnetization to a spin current I s flowing into the magnet (note that I s points in the
direction of the spin polarization, rather than in the direction of the current flow).
This term has the form of a torque, and the effect of I s on M is therefore known as
spin-transfer torque (STT). As a consequence, a spin current can be used to reorient
the magnetization of a ferromagnet. The direction of the torque depends on the
polarization of the spin current. It can either work parallel to the damping term,
or anti-parallel, which will either decrease or increase the angle between M and H
(usually called the cone angle or precessional angle). Figure . schematically shows
the effects of the different terms in the LLG equation on the magnetization.

H

M
precession

damping

antidamping

Figure .: Illustration of the terms in the LLG equation (Eq. .). The magnetization M precesses
around the effective magnetic field H (indicated by the dashed trajectory) in the direction of the
green arrow. Gilbert damping pushes M towards its equilibrium orientation, which is parallel to H .
Spin-transfer torque can either work parallel (red) or anti-parallel (blue) to the damping term, which
will decrease or increase the precessional cone angle, respectively.

When the STT acts anti-parallel to the damping, it can be used to fully compensate
the Gilbert damping which leads to auto-oscillations of the magnetization [, ], or
even give rise to a full magnetization reversal [–]. Since the only requirement for
STT is a flow of spin current into a magnet, these effects can also occur in magnetic
insulators such as YIG. Indeed, auto-oscillations of YIG microdisks induced by spin
transfer torque have recently been observed [], as well as spin-torque magnetization
switching of an insulating thulium iron garnet layer []. In both cases, the spin
current driving the effect was generated via the SHE in a Pt layer on top of the magnet.
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.. Spin pumping

So far we have only considered a static external magnetic field, in which case pre-
cession can be driven by spin transfer torque. However, if the external field has a
time-dependent component, this can also induce precession. If the magnet is subject
to a microwave-frequency ac magnetic field, the magnetization can go into a uniform
precessional mode which is known as ferromagnetic resonance (FMR). All magnetic
moments precess with the same phase and frequency around the effective (static)
magnetic field. The frequency of the FMR mode, corresponding to the frequency of
the microwave radiation required to drive the resonance, depends on the magnitude
of the static external field and can be found using the Kittel equation (see Sec. .) for
magnetic films.

When the magnet in resonance is in contact with a normal metal, it can inject a
pure spin current into the metal. This is known as spin pumping, and it provides an
additional channel for the magnetization to dissipate energy and angular momentum
since the spin current will diffuse and relax in the normal metal layer, which is
thus acting as a spin sink. Due to the additional spin relaxation channel it provides,
spin pumping can thus be observed as an increase in Gilbert damping [, ]. The
spin current density pumped into the metal depends on the coupling between the
magnetic and non-magnetic layer, which is parametrized by the interfacial spin mixing
conductance g↑↓, as follows []

j s =
�
e

(
gr

(
m× dm

dt

)
+ gi

dm
dt

)
. (.)

Here, g↑↓ = gr + igi is the spin mixing conductance in units of Ω−1m−2, with real
and imaginary parts gr and gi , and m =M / |M |. The spin current pumped due to gr
points parallel to the magnetization damping (cf Eq. .), leading to a fluctuating
(ac) component perpendicular to m, and a constant (dc) component parallel to m (see
the illustration in Fig. .). Both the ac and dc components of spin pumping can
be detected []. The imaginary part of the spin mixing conductance is an order of
magnitude smaller than the real part [] and is usually neglected. Spin pumping is
the exact opposite of spin transfer torque, and the effects are indeed Onsager reciprocal
to each other []. Note that spin transfer torque, just like spin pumping, depends on
the real part of the spin mixing conductance. However, this is not included explicitly
in Eq. ., but via the magnitude of the spin current |I s | which depends on gr .

. spin hall magnetoresistance

As already touched upon in Secs. . and ., spin currents can interact with magnetic
insulators via their magnetization. An example of this is the spin Hall magnetoresis-
tance (SMR) that occurs in heavy metal|magnetic insulator bilayers [, , , –].
Due to the SMR, the resistance of a metal layer in contact with a magnetic insulator
depends on the magnetization direction of the magnet. It can therefore be used to
electrically measure the magnetization direction of an insulator []. The SMR origi-
nates from the simultaneous action of the spin Hall and inverse spin Hall effect, and
the exchange interaction between the spin of conduction electrons in the Pt and the
localized magnetic moments in YIG []. The interfacial exchange coupling arises
because there is a small but finite overlap in the electronic wavefunctions between
the two materials, if the interface between the two is sufficiently clean. The strength
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of the coupling is determined by the spin mixing conductance of the metal|magnetic
insulator interface, which measures the efficiency of spin angular momentum transfer
across the interface as explained in the previous section.
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Figure .: The spin Hall magnetoresistance (SMR) in a Pt|YIG bilayer. In (a), the charge current I
through the Pt layer generates a spin current, and subsequent spin accumulation µs at the Pt|YIG
interface via the SHE. (b) When µs ⊥ M , a spin transfer torque is exerted on the magnetization.
Spin angular momentum is transferred into the YIG and the conduction electron flips its spin upon
reflecting. By the ISHE, this generates a charge current JISHE opposing the driving current. The
resistance of the Pt film is high. (c) When µs ‖M , no torque is exerted. The electron spin is conserved
during reflection, and again a charge current JISHE is generated by the ISHE. However, now JISHE
contributes to the driving current. The resistance of the Pt film is low.

The mechanism behind SMR is explained schematically in Fig. .. A charge
current is sent through a Pt|YIG bilayer, which via the SHE generates a spin current
towards (and spin accumulation at) the YIG interface, as sketched in Fig. .a. In
Figs. .b and .c, two extreme cases are considered: When µs ⊥M , according to
Eq. . the transfer of angular momentum is maximum and the spin accumulation
exerts a torque on M . This results in a spin flip of the reflected conduction electrons
(Fig. .b), which via the ISHE generates a charge current JISHE opposing the driving
current I . This is the high resistance case. When µs ‖M , Eq. . dictates that no
torque is exerted, and hence no angular momentum is transferred. In this case, the
conduction electron spin is conserved while backscattering (Fig. .c) and the ISHE
generates a charge current contributing to the driving current. This is the low resistance
case.
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The (longitudinal) resistivity of the Pt film is now given by []

ρL = ρ +∆ρ0 +∆ρ1
(
1−m2

y

)
, with (.)

∆ρ0 = −ρθ2
SH

2λs

d
tanh

(
d
2λs

)
and (.)

∆ρ1 = ρθ2
SH

λs

d

2λsgr tanh
2 (d/2λs)

ρ−1 + 2λsgr coth(d/λs)
. (.)

Here, ρ = σ−1e is the intrinsic resistivity of the film, d again the film thickness, θSH the
spin Hall angle and λs the spin diffusion length in Pt. my is the y component of the
magnetization unit vector m. Equations ., . and . show that the SMR is not
only a probe for the magnetization direction of the metal layer, but can also be used to
extract spin transport properties of the metal layer such as the spin Hall angle and
spin diffusion length [].

. electrical magnon injection and detection

.. Spin-current-driven magnon injection

In Secs. . and . we discussed the interplay of spin currents and the magnetization
at zero temperature. As discussed in Sec. ., at finite temperature the magnetic
moments are locally fluctuating around their ground state orientation. These thermal
fluctuations of the magnetization are known as magnons, and their equilibrium
density scales with (T /TC )

3/2, according to the Bloch law (Eq. ., as a reminder T
is temperature and TC is the Curie temperature, above which the magnetic ordering
vanishes). Recall from the previous section that for µs ‖m, the spin transfer across the
Pt|YIG interface is zero. However, at finite temperature, a spin current can actually be
injected into the magnet because the spin accumulation couples to the perpendicular
components of the magnetization that are generated by the thermal fluctuations [–
]. The spin angular momentum transferred in this case has to be a fraction of that
when µs ⊥m, and it is governed by the effective interface spin conductance as []
(chapter )

gs =
3ζ (3/2)
2πs

gr
Λ3 , with (.)

Λ =

√
4πJs
kBT

. (.)

Here, ζ (3/2) is the Riemann zeta function evaluated at 3/2, s the equilibrium spin
density in the magnet and Js again the spin wave stiffness constant (see Sec. .). The
thermal deBroglie wavelength Λ is the average DeBroglie wavelength for magnons in
thermal equilibrium. At room temperature, gs ≈ 0.06gr , which implies that the spin
angular momentum transferred for µs ‖m is around 6% of that for the perpendicular
case (assuming for the moment that the magnon chemical potential is zero). At finite
temperature, the contrast between the low and high resistance states that is observed
in SMR (∆ρ1 in Eq. .) is therefore reduced compared to the expression given in
Eq. ..
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The itinerant (conduction) electrons in the metal are coupled to the localized
moments in the insulator via an interfacial exchange interaction. The coupling Hamil-
tonian can be written down in terms of creation and annihilation operators as []

V̂int =
∑

qkk′

(
Vqkk′ ĉ

†
qâk↓â

†
k′↑ +V ∗qkk′ ĉqâ

†
k↓âk′↑

)
. (.)

Here, ĉ†q and ĉq are the creation and annihilation operators for a magnon with mo-
mentum q and spin quantum number ms = +1. Analogously for conduction electrons,
â†kσ and âkσ create and annihilate an electron with momentum k and spin direction
σ ∈ {↑,↓}. V̂int thus operates in the Fock space of the entire system, on the states
|ntot〉 = |ne〉 ⊗ |nm〉, where |ne〉 is a number state for the electron system (in which the
states are labeled by their momentum k and spin σ) and |nm〉 that for the magnonic
system (labelled only by their momentum q). The first term in Eq. . describes a
spin down electron scattering off the YIG interface and flipping its spin. The spin
difference ∆ms = +1/2− (−1/2) = +1 is transferred to the YIG, creating a magnon. The
second term describes the opposite process, where a magnon is annihilated causing a
transfer of spin angular momentum of ∆ms = −1, and consequently a spin up electron
in platinum to flip its spin. The matrix element Vqkk′ and complex conjugate V ∗qkk′
describe the scattering amplitudes for the corresponding spin-flip scattering processes,
and depend on the specific wavefunction overlap between itinerant electrons and
localized moments. The two processes are shown pictorially in Fig. ..

M
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k’,-½ k,+½ 

q,+1

Figure .: Magnon creation (left) and annihilation (right) at a Pt|YIG interface. The net magneti-
zation MYIG points to the right, which means that the spin quantization axis, and hence the majority
spin direction (σ =↑, ms = −1/2) in YIG points to the left. The magnon, spin up electron and spin
down electron momenta are q, k′ and k, with spin ms = +1, −1/2 and +1/2, respectively.

The spin-flip scattering mechanism described by Eq. . allows to either generate
an excess or shortage of magnons compared to the thermal equilibrium density, de-
pending on the polarization of the spin current that is injected. When the injected
spin current is polarized parallel to the net spin direction in YIG (σ =↑), magnons are
annihilated, resulting in a shortage of magnons (or, in terms of the theory developed in
chapter , a negative magnon chemical potential). For the opposite polarization (σ =↓),
an excess of magnons is created and the chemical potential of the magnon gas is posi-
tive. From Sec. .., it is clear that the SHE serves as a suitable spin current source
in this case: The polarization of the spin current generated depends on the direction
of the charge current used to drive the SHE. The situation sketched in Figs. .a and
.c therefore shows an example of a magnon generator: The charge current flowing
through Pt drives a spin current towards the YIG (the spin polarization of which can
be rotated by 180° simply by reversing the polarity of the driving charge current), and
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when µs ‖M , even though no torque is exerted on the static magnetization, magnons
are created or annihilated, depending on the charge current polarity.

When µs ⊥M and µs and M both lie in the film plane (as in Fig. .b), a large spin
transfer torque is exerted on the magnetization that tends to orient M parallel to µs.
However, this torque does not generate magnons sinceM and µs are orthogonal, which
means that the conduction electron spin state is (at zero temperature) an equal super-
position of spin parallel and anti-parallel to the majority spin in YIG. Therefore, an
equal amount of magnons is created and absorbed and no non-equilibrium magnons
are generated, despite the fact that the spin current across the Pt|YIG interface is
larger than in the collinear case.

.. Magnon detection via spin currents

The coupling in Eq. . allows for both creation and annihilation of magnons, and
includes the effects of both spin pumping and spin transfer torque by the fluctuating
magnetization. Consequently, it can be used not just to generate a non-equilibrium
magnon population, but also serves as a relaxation channel, i.e. to bring the excess or
shortage of magnons back to zero. This can be exploited to detect a non-equilibrium
state of the magnon gas in YIG, because it can convert such a state into a conduction
electron spin current. Figure . shows an example of this, considering an excess of
magnons that is ultimately detected as a voltage over a Pt contact on top of the YIG.
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Figure .: Conversion of an excess of magnons into a spin accumulation and finally into a charge
voltage V . (a) When M points in the +y direction, the magnon spin also points here. The excess
magnons are absorbed by the Pt contact, generating a spin accumulation µs at the bottom of the Pt
and consequently a gradient in the spin chemical potential along the z direction. This causes electrons
with spin polarization along +y to move in the +z direction, which according to Eq. . generates
a charge current in the +x direction. In open circuit conditions, a positive voltage V builds up over
the contact. (b) When M points in the −y direction, the magnon spin reverses. The excess magnons
now generate a spin accumulation in the opposite direction, and due to the ISHE the resulting charge
current has opposite polarity compared to that in (a). A negative voltage can now be measured over
the contact.

The following physical mechanisms are involved:

. The excess magnons are annihilated at the YIG|Pt interface, which via the spin-
flip scattering mechanism in Fig. . (Eq. .) generates a spin accumulation at
the bottom of the Pt contact.
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. A gradient in spin chemical potential (along the z direction) arises in the contact,
driving a spin current that opposes this gradient (Eq. .).

. Due to the ISHE, a transverse charge current is generated (Eqs. . and .).
If a voltmeter is connected to the contact (i.e. the circuit is open), this results in
the buildup of a voltage V that is proportional to the spin current transferred
across the YIG|Pt interface.

Note that in case of a shortage rather than excess of magnons, magnons are created
rather than annihilated at the interface. This causes a spin accumulation of opposite
polarization to build up (see Fig. .) and consequently gives rise to a voltage of
opposite sign. Similarly, rotating the YIG magnetization by 180° also leads to a voltage
of opposite polarity (compare Figs. .a and .b).

.. Nonlocal injection and detection

Figure .: (a) Electrical magnon injection and detection in a single device. A charge current I
is sent through a Pt injector contact, driving a spin current towards the YIG by virtue of the SHE.
Spin-flip scattering creates magnons in the YIG, which diffuse through the film and are annihilated
at the detector. Via the ISHE, a charge current is generated opposing the driving current in the
injector strip. In open circuit, this is measured as the nonlocal voltage V . When either the driving
current polarity or the magnetization direction is reversed, magnons are annihilated at the injector
and created at the detector (note that the magnitude of the nonlocal voltage remains unchanged). (b)
False colored SEM image of a typical device featuring three Pt strips (red) on top of a thin YIG film
(blue): A central injector and two detectors at different distances. Electrical connections to the strips
are made via titanium/gold contacts (green).

The magnon injection and detection mechanisms introduced here are used exten-
sively in the work described in this thesis. In chapter  we demonstrated for the first
time that they can be employed to drive and detect a magnonic spin current through
YIG. The potential for doing so was first identified theoretically by Zhang & Zhang
[, ], who took a Pt|YIG|Pt sandwich structure (i.e. thin Pt films on top and below
a YIG layer) as starting point of their analysis. In Ref. [], we used a lateral geometry
instead: Two narrow Pt contacts, both fabricated on top of the YIG film as illustrated
in Fig. .. The lateral geometry has two main advantages: First, the YIG layer can
be grown directly on top of the substrate, rather than on top of a Pt film. This ensures
that the YIG is grown with optimal quality. Second, it allows for the fabrication of
multiple devices in the same fabrication step and on the same YIG film (the typical
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distance between the contacts is on the order of 10µm), making it possible to reliably
study the transport characteristics of magnons in the film. Nevertheless, magnon spin
injection and detection in the sandwich geometry was recently also realized [, ].
In addition, our observations using the lateral approach have been confirmed and the
technique has been applied for further investigations by various other experimental
groups [, –].

In terms of physics, the main difference between the sandwich and the lateral
geometry is the sign of the observed voltage. The flow direction of the spin current
into the detector is different in the two geometries, while the spin polarization of
the current is the same. Due to the symmetry of the inverse spin Hall effect, the
charge currents which are generated in the detectors flow in opposite directions
(Eq. .). When measured in open circuit, this results in voltages of opposite polarity.
Figure . illustrates this.

YIG

M

I

V

YIG

M

V

Ia b+ – V is positive

V is negative+ –

Figure .: Comparison between the lateral (a) [, , –] and sandwich (b) [, –]
geometry for spin-current driven nonlocal magnon spin transport experiments. When I > 0 and the
electrical connections are applied in an identical fashion in both geometries, the lateral geometry yields
a positive voltage at the detector whereas the sandwich geometry results in a negative detector voltage.
This is a consequence of the symmetry of the inverse spin Hall effect, and the result is universal (i.e.
it does not depend on the magnon conducting medium or transport mechanism): Because the flow
direction of the incoming spin currents is opposite (bottom-to-top for lateral, vs top-to-bottom for
sandwich), the resulting charge currents also flows in opposite directions.

Note that the mechanism described here is fundamentally different from that
active in the experiment reported by Kajiwara et al. [] in : They relied on the
excitation of magnons by driving the magnet to the auto-oscillation regime, which
requires full compensation of the (intrinsic and extrinsic) Gilbert damping by spin
transfer torque. This is a highly nonlinear excitation mechanism, and consequently a
nonlinear dependence of the nonlocal voltage on the driving current was observed.
On the contrary, the injection and detection processes we use are fully linear in the
current.

. magnon injection via thermal gradients

In addition to the electrical magnon injection mechanism outlined in the previous sec-
tion, magnon spin currents can also be generated thermally, for instance by applying
a temperature difference over a magnetic material. The crucial ingredient here is the
so-called spin Seebeck effect. In this section we discuss the various manifestations of
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this effect.

“Ordinary” Seebeck effect

The spin Seebeck effect constitutes the generation of a pure spin current as a conse-
quence of a thermal gradient. It is the spin analogue of the Seebeck effect in thermo-
electrics, in which a voltage gradient ∇V builds up in response to a thermal gradient
∇T , proportional to the Seebeck coefficient S , i.e. ∇V = S∇T . The Seebeck effect is
driven by two physical mechanisms: First, broadening of the electronic distribution
function with temperature causes higher energy electronic states to be populated
in the hot part of the material, compared to the cold part. This leads to diffusion
of ‘hot’ electrons to the cold side, and ‘cold’ electrons to the hot side. Second, the
electrical conductivity is energy dependent, causing an imbalance in the hot-to-cold
and cold-to-hot diffusion currents. As a result, a net charge current flows between the
hot and cold regions.

.. Spin Seebeck effect

For the spin Seebeck effect (SSE) in magnetic insulators, different mechanisms are
at play since it is driven by magnons rather than electrons. Because the magnon
density depends directly on temperature (recall Eq. .), a temperature difference
over an insulating magnet will induce a difference in magnon density between the hot
and cold parts of the material. This density difference drives a magnonic diffusion
current and since magnons carry both spin and heat, both a spin and a heat current
are generated. Essentially, the SSE is driven by the temperature dependence of the
magnon distribution function, which we discuss in further detail below. The SSE
does require energy and momentum exchange (i.e. scattering) between magnons and
phonons however, since otherwise only a phononic heat current would arise due to the
temperature difference. This is due to the fact that heat does not enter the magnon
system directly: A heater generates phonons, and only via magnon-phonon scattering
the heat is distributed to the magnons as first pointed out by Sanders and Walton [].
In YIG this magnon-phonon coupling turns out to be relatively large [], meaning
that magnons and phonons thermalize rapidly [–]. In chapter  we estimate this
thermalization time.

.. Transverse spin Seebeck effect

The SSE inmagnetic insulators was discovered in  [] in a transverse geometry on
LaY2Fe5O12. Thin and narrow Pt bars were deposited on top of a magnetic insulator
film (Fig. .a). An in-plane thermal gradient was then applied to the film, which
generates a magnonic spin current. The Pt bars absorb the spin current and it is
converted into a charge voltage via the detection mechanism outlined in the previous
section. It is dubbed transverse SSE because the spin current (out-of-plane) is directed
orthogonal to the (in-plane) thermal gradient. In this configuration, the observed
voltage V changes sign from the hot and cold side, and vanishes in the middle of the
sample. In the theory for the SSE discussed in Sec. .., only spin currents parallel to
the heat current are considered, meaning that the transverse SSE is not included.
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Figure .: (a) Transverse SSE geometry. The thermal gradient lies in the plane of the YIG film.
The spin current is generated normal to the heat current. (b) Longitudinal SSE geometry. Here, the
thermal gradient is applied normal to the film plane and the spin current flows parallel to the heat
current.

.. Longitudinal spin Seebeck effect

The transverse SSE is not free from controversy: Several recent studies indicate that
it might be due to parasitic effects coming from other magnetothermal phenomena,
such as the anomalous and planar Nernst effects [] (in metallic systems) or the
longitudinal SSE in insulators []. For this reason, many recent studies of the SSE rely
on the longitudinal configuration (Fig. .b), which is a cleaner way of investigating
its origin. It does not suffer from parallel heat currents through the substrate, or
spurious temperature gradients due to the contacts as in the transverse case. In the
longitudinal SSE, the magnon spin current flows parallel to the heat current, i.e.
opposing the thermal gradient that drives these currents.

A fruitful theoretical framework to explain the SSE was established by Adachi et
al. [] and Xiao et al. [], which relies on spin pumping from thermally excited
magnons. The spin current density Js pumped into the Pt contacts depends on the
interfacial temperature difference between magnons (at temperature Tm) in YIG and
electrons (at temperature Te) in Pt, such that Js = Ls (Tm −Te) ,where Ls is the interfacial
spin Seebeck coefficient. Because it relies solely on the temperature difference at the
interface and does not account for spin currents generated in the bulk of the YIG, this
effect is often referred to as the interfacial spin Seebeck effect. The theory was used
successfully to explain various experiments on the SSE [, ], as well as the spin
Peltier effect [], which is reciprocal to the SSE.

.. Magnon chemical potential

In the theory outlined above the magnon system is only characterized by the tempera-
ture and the magnon chemical potential is assumed to be zero everywhere. In chapter
 we provide arguments that invalidate this assumption and present an extended
theory for the SSE, and diffusive transport of magnons in general. At first glance,
neglecting the magnon chemical potential seems justified since the magnon number
in YIG is not a conserved quantity: Magnons can decay via magnon-phonon scattering
events that transfer their angular momentum and energy to the crystal lattice.

However, spin and heat relaxation not necessarily occur at the same rate. All
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magnon-phonon scattering events will exchange heat, but some will conserve the
number of magnons while others cause magnon decay. Therefore, energy exchange
should generally be faster than exchange of spin angular momentum, implying that
the magnon number is indeed conserved within the timescale of spin relaxation. If
this timescale is longer than the magnon-phonon temperature equilibration time (the
energy relaxation time), both the magnon chemical potential and magnon temperature
are required to describe the state of the magnon gas []. Unfortunately these two
timescales cannot be determined straightforwardly in experiments. The corresponding
lengthscales however are more accessible, and are related to their respective timescales
via the magnon thermal velocity (which is the average magnon group velocity, see
chapter ). Experimental evidence suggests that the lengthscale on which magnons
and phonons thermalize (ranging from ∼ 1µm [, ] to ∼ 250nm []) is indeed
much shorter than the characteristic length scale on which the magnon spin relaxes
(∼ 10µm []), making the inclusion of the chemical potential in the model essential.
In Sec. . we give estimates for these time- and lengthscales.

.. Theory of the spin Seebeck effect

As discussed in Sec. ., magnons obey Bose-Einstein statistics and hence are dis-
tributed over the available states according to the Bose-Einstein distribution function

fB(ε,x) =
1

exp
(
ε−µm(x)
kBTm(x)

)
− 1

. (.)

Here, ε is the magnon energy and kB is the Boltzmann constant. µm and Tm are the (po-
sition dependent) magnon chemical potential and magnon temperature, respectively.
The magnon density can then be found by

nm(x) =
∫ ∞
εmin

fB(ε,x)D(ε)dε, (.)

where εmin is the minimal magnon energy (see section .) and D(ε) is the magnon
density of states. For a simple parabolic dispersion, D(ε) ∝

√
ε (assuming a  dimen-

sional magnet), but for the general dispersion given in Eqs. ., . and . it is much
more complicated such that the integral in Eq. . cannot be evaluated analytically.

If a magnetic insulator is subject to a temperature gradient, the equilibrium
magnon density becomes position-dependent (Eq. .). In addition, the magnon
distribution function is shifted in momentum space, since magnons in hotter parts of
the magnets have a higher average energy than in cold parts of the magnet. In linear
response, the shift due to the thermal gradient is given by [] (chapter )

δf ∇T (x,k) =
τ
�
∂fB
∂ε

∂ωk

∂k
ε
∇Tm
Tp

, (.)

where τ is the magnon momentum scattering time and �ωk = ε the magnon energy.
∂ωk/∂k can be found from the dispersion relation, and ∂fB/∂ε from Eq. . (evaluated
in equilibrium, such that µm = 0 and Tm = Tp). A similar expression can be written
down for the response to a gradient in the magnon chemical potential, δf ∇µ. The total
distribution function is then given by f (x,k) = δf ∇T + δf ∇µ + fB.
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Consequently, a magnon particle current arises, which carries both spin and heat
through the material. The spin and heat currents are related to the shift in the
distribution function by

jm =
�

(2π)3

∫ (
δf ∇T + δf ∇µ

) ∂ωk

∂k
dk, (.)

jQ,m =
1

(2π)3

∫ (
δf ∇T + δf ∇µ

)
ε
∂ωk

∂k
dk. (.)

Note that this process does not necessarily involve the generation of excess (or de-
pletion of) magnons, contrary to electrical magnon injection via spin-flip scattering.
If the average temperature of the magnet remains constant, the thermal gradient
will only spatially redistribute the magnons, rather than change their total number.
Plugging Eq. . and δf ∇µ into Eqs. . and . and carrying out the integral over
momentum space, the magnon spin current (jm, in Jm−2) and heat current densities
(jQ,m, in Wm−2) in linear response read [] (chapter )


2e
� jm

jQ,m

 = −


σm L/T

�L/2e κm




∇µm
∇Tm

 , (.)

where µm is measured in volts, σm is the magnon spin conductivity (in units of Sm−1),
L is the bulk spin Seebeck coefficient in units of Am−1, and κm is the magnonic heat
conductivity in units of Wm−1K−1. The off-diagonal terms L/T and �L/2e describe
the bulk spin Seebeck and spin Peltier effects, respectively.

In addition to the expression for the bulk spin and heat currents, in chapter  we
give the spin and heat currents across the normal metal| magnetic insulator interface.
This includes both the thermal spin pumping driven by the interfacial temperature
difference and the electrical magnon injection outlined in the previous section, such
that in principle the bulk and interface contributions to the SSE are accounted for in
the theory.

Including magnon spin relaxation and magnon-phonon temperature equilibration,
the diffusion equations for spin and heat read

∇2µm =
µm
λ2
m
, (.)

∇2Tm =
Tm −Tp
λ2
mp

, (.)

plus two off-diagonal cross terms, that are left out here for simplicity (see chapter 
for the full expression). Here λm and λmp, are the magnon spin diffusion and magnon-
phonon relaxation lengths that give the length scale over which the magnon chemical
potential and magnon temperature exponentially relax to their equilibrium values
(µm = 0 and Tm = Tp), respectively. As mentioned earlier in this section, experimental
evidence suggests 1nm � λmp � 250nm and λm ∼ 10µm. Since λmp� λm, through-
out this thesis we make the approximation that Tm ≈ Tp = T , i.e. the thermalization
between magnons and phonons is so fast that no significant temperature difference
exists. While this simplifies the analysis, this assumption is not fully justified when
the relevant device length scale becomes comparable to λmp (i.e. the distance between
injector and detector is ∼ λmp).



2

. magnon injection via thermal gradients 

YIG Pt
C

he
m

ic
al

 p
ot

en
tia

l μ
m

0

GGG

TR

TL

Tem
perature

x

Figure .: The spin Seebeck effect in a GGG|YIG|Pt stack. If the YIG is completely covered with Pt,
an effective one dimensional geometry is realized. The stack is subject to a linear temperature gradient
( ) which, due to the bulk spin Seebeck effect, gives rise to the plotted magnon chemical potential
profile in the YIG film ( ). The YIG film thickness d � λm and the effective spin conductance of the
Pt|YIG interface is low (see chapter  for the µm profile under different assumptions).

Fig. . shows the magnon chemical potential profile due to the bulk SSE in the
one dimensional case, i.e. a GGG|YIG|Pt stack subject to a linear temperature gradient.
This situation corresponds to a local SSE measurement, in which the surface of the YIG
film is completely covered with Pt. Magnons are driven away from the (hot) Pt contact
on the right towards the YIG|GGG interface on the left, giving rise to a negative µm
(magnon depletion) on the Pt side and a positive µm (magnon accumulation) on the
GGG side of the YIG. In the bulk of the YIG, away from the interfaces, µm relaxes
towards zero on the characteristic length scale λm.

Finite element model

Equations ., . and . can be solved numerically for arbitrary device geome-
tries using finite element modeling. Using the software package COMSOL Multi-
Physics (v.), the desired device geometry can be defined. The geometry is then
meshed to define the elements and nodes at which the partial differential equations
are solved. Both two dimensional or three dimensional geometries are possible. When
the proper boundary conditions and interface fluxes are defined, the model can be
solved and the µm and T spatial profiles are calculated. In chapter  we describe the
finite element model in detail, and set it up to model the experiments on electrical
magnon injection. In chapter , the model is applied to the thermal generation of
magnons, in the context of the nonlocal SSE (see Sec. ..).

.. Nonlocal spin Seebeck effect

In the experimental geometry introduced in Fig. ., the SSE also arises. If the driving
charge current is sufficiently large such that the Joule heating of the injector contact



2

 . spintronics in magnetic insulators

I

V

M

x
y

z

Figure .: Illustration of the nonlocal SSE. Joule heating due to the current I in the injector
generates a radial (in the xz-plane) thermal gradient in the YIG, which via the longitudinal SSE
drives a magnon spin current away from the injector. The magnons ultimately diffuse to the detector,
where they are absorbed and generate a voltage V .

becomes significant, magnon spin currents are generated thermally. Figure .
illustrates this process: The injector contact heats up and induces a radial (in the
xz-plane) thermal gradient in YIG, which drives a magnon spin current away from
the injector according to Eq. .. Magnons are driven away from the injector, towards
the bottom of the magnetic film and will eventually diffuse to the detector, where
a voltage V is generated according to the principle outlined in Sec. .. While the
measurement geometry is reminiscent of that of the transverse SSE, the nonlocal SSE
only relies on the longitudinal SSE to drive the spin current. It does not require any
transverse spin current generation.

Signal generation in the nonlocal SSE is a complex process, since both thermally
driven (proportional to ∇T ) and diffusion (proportional to ∇µm) magnon spin currents
are at play. Both sign and magnitude of V depend sensitively on temperature, the
YIG film thickness, the injector-detector distance and the relative transparency to
spin currents of the injector|YIG interface compared to that of the YIG bulk. In
chapter  we further discuss these dependencies and apply finite element modeling to
reproduce the distance dependence of the nonlocal SSE voltage, at room temperature.
The temperature dependence of the nonlocal SSE was first reported by us in Ref. []
(chapter ), and later studied in Refs. [, ], but is not fully understood at the
moment. Additionally, Shan et al. investigated the dependence of the nonlocal SSE on
YIG film thickness and the transparency of the injector|YIG interface []. Clearly,
significant progress has been made in the past couple of years, yet various open
questions regarding the interesting SSE physics still remain.

Figure . illustrates the two main mechanisms that contribute to the generation
of the detector voltage in nonlocal SSE, in a schematic cross-section of a device with
three Pt contacts on top of a thin YIG film. In Fig. .a the thermal gradient and
magnon current it drives is sketched. Figure .b sketches the magnon chemical
potential profile that arises as a consequence of the thermally driven magnon current,
and the magnon diffusion current that the gradient in µm generates. The magnon
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Figure .: Mechanisms active in the nonlocal SSE, in a cross-section of a device with one injector
contact and a left (Dleft) and right (Dright) detector placed at different distances from the injector.
(a) Joule heating in the injector drives a magnon spin current JmQ parallel to the heat current in the
YIG, away from the injector. At the YIG|GGG interface, magnons are reflected and accumulate. (b)
Regions of magnon depletion (µ−) and magnon accumulation (µ+) are schematically indicated. Due
to the gradient in chemical potential, a magnon diffusion current flows from µ+ to µ−. A voltage in
Dleft arises because spin current is transferred across the Pt|YIG interface to replenish the magnon
depletion µ− underneath the contact, i.e. magnons are created at the interface. In contrast, for Dright
the voltage arises due to the absorption of accumulated magnons µ+, i.e. magnons are annihilated at
the interface. As a consequence the spin accumulations induced in Dleft and Dright are of opposite
sign, and so is the nonlocal voltage.

depletion underneath the injector contact and the left detector contact is replenished
via magnon creation at the Pt|YIG interfaces. Underneath the right detector contact,
the accumulation of magnons is reduced via magnon annihilation at the interface.
Consequently, the spin accumulations induced in the left and right detector have
opposite polarization, and hence a charge voltage of opposite sign is generated over
the left and right detector. This explains the observed sign change in the nonlocal
SSE voltage as a function of distance: For short distances, µ− is probed, while for
long distances µ+ generates the voltage. Note that the sign of the local spin Seebeck
voltage over the injector should agree with that for detecting at a short distance. This
is indeed in agreement with experimental observations [].
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. magnon transport parameters

In the previous sections much of the magnon transport theory that was developed
in chapter  was discussed. Table . provides an overview of the relevant transport
parameters and length scales that characterize the magnon transport in our theory,
and their approximate values in YIG at room temperature. The aim is both to show
the (dis)agreements between theory and experiment, and provide a useful look-up
table for future reference.

Symbol Theoretical Experimental Units

Magnon spin diffusion
length

λm 0.1− 1 8.8− 10 (a) µm

Magnon-phonon relax-
ation length

λmp 2− 20 0.6− 250 (b) nm

Magnon spin conductiv-
ity

σm 105 − 106 (3.5− 5)× 105 (c) Sm−1

Magnon heat conductiv-
ity

κm 0.1− 1 - Wm−1K−1

Spin Seebeck coefficient L 104 − 105 0.5× 103 (d) Am−1 (g)

Pt|YIG spin mixing con-
ductance (real part)

gr - (1− 10)× 1014 (e) Sm−2

Pt|YIG interfacial spin
conductance

gs 0.06gr (0.001− 0.06)gr (f) Sm−2

a Ref. [] b Refs. [, , ] c Refs. [, ] d Ref. []
e Refs. [, , ] f Ref. [] and chapter 
g The spin Seebeck coefficient is sometimes given as Ss, in units of µVK−1. L can be
converted via Ss = L/(σmT ).

Table .: Magnon transport parameters and their values in YIG at room temperature. The
“Theoretical” column gives the parameter values predicted by the theory (calculated in chapter ),
while the “Experimental” column shows the values obtained from experiments (if available).

.. Timescales

In the theoretical estimates of the parameters in Tab. ., four different scattering
mechanisms were accounted for (see chapter  for all details of the calculations),
characterized by four different scattering times.

• Elastic magnon scattering at defects and impurities in the crystal (also referred
to as two-magnon scattering in the literature), which conserves magnon number
and energy. The timescale for such scattering events to occur is τel.

• Two different kind of magnon-phonon scattering events can be distinguished:

– Magnon relaxation, via magnon-phonon interactions that do not conserve
the number of magnons (and hence facilitate relaxation of spin from the
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magnon system to the lattice), characterized by τmr.

– Magnon-conserving inelastic and elastic magnon-phonon scattering, which
allows for energy exchange between magnons and phonons but does not
provide a magnon spin relaxation channel. These processes are character-
ized by τmp.

• Magnon-magnon interactions (usually referred to as four-magnon scattering)
that conserve both the number of magnons and energy, and result in thermaliza-
tion of the magnon system with itself, characterized by τmm.

Momentum conserving magnon-magnon interactions do not directly affect the trans-
port (at least in a simple single band model), so the total momentum scattering rate
is then 1/τ = 1/τel + 1/τmp +1/τmr. In the limit of a clean system such as high quality
YIG, 1/τel→ 0 such that elastic scattering does not contribute significantly to τ (in the
appendix of chapter , more realistic estimates for τel are given and this arguments
is shown to hold even for the most pessimistic assumptions for the elastic mean free
path). Furthermore, 1/τmr ∼ αkBT /� ≈ 1ns, i.e. magnon relaxation is assumed to be
mainly due to Gilbert damping (see Sec. .) mediated by magnon-phonon scattering.
Finally, the magnon-phonon energy relaxation time is estimated to be τmp ∼ 0.1− 1ps.

Therefore, we have τmp � τel, τmr and hence the total momentum scattering
time is dominated by magnon-number conserving magnon-phonon scattering, i.e.
τ ∼ τmp ∼ 0.1− 1ps. As discussed in Sec. .., this is one of the crucial premisses for
our theory, because it implies that magnon energy relaxation occurs much faster than
magnon spin relaxation and hence the magnon chemical potential has to be included
in the description of the magnon system.

. magnetoelastic coupling and magnon-polarons

When a phonon travels through a magnet, it locally distorts the crystal lattice. This
distortion exerts torques on the magnetic order due to the magnetoelastic coupling
[]. The opposite is also true: By reciprocity, spin waves in a magnet can induce
lattice distortions and excite or scatter with phonons. The coupling between magnons
and phonons has been intensively researched in the last half century [, ], and
we have already seen in the previous section that it is one of the key requirements
for the SSE to occur. Furthermore, at the crossing point of the magnon and phonon
dispersion relations magnon-phonon hybridization takes place, meaning that the
magnon and phonon modes become mixed. In the strong coupling regime, when
magnons and phonons are fully hybridized, they are no longer the proper excitations
of the system. Instead, a new type of mixed quasiparticle known as ‘magnon-polaron’
arises [, ].

In a recent study by Kikkawa et al., magnon-polarons were shown to play a
role in the SSE []. They measured the spin Seebeck voltage in the longitudinal
configuration as a function of the external magnetic field. At specific field magnitudes,
the phonon dispersion partially overlaps with that of the magnons and the magnon
and phonon modes are strongly coupled over a relatively large region in momentum
space (see the dispersion curves in the inset in Fig. .a). At these resonant magnetic
field values, the effect of the magnetoelastic coupling is at its strongest and magnon-
polarons are formed efficiently. If the acoustic quality of the YIG film is better
than the magnetic one (meaning that the phonon lifetime is longer than that of
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Figure .: Magnon-polarons in the SSE. (a) The local SSE voltage as a function of magnetic field.
The resonant enhancement at µ0H = 2.3T is caused by hybridization of magnons and phonons. At this
specific field magnitude, the phonon dispersion is tangent to that of magnons and the magnetoelastic
coupling is at its strongest, resulting in efficient magnon-polaron formation. (b) While the longitudinal
SSE is resonantly enhanced due to magnon-polarons, the nonlocal SSE is suppressed.

magnons), magnon-polaron formation leads to an enhancement in the SSE signal at
the resonant magnetic field [] (Fig. .a). This enhancement was attributed to an
increase in the effective bulk spin Seebeck coefficient []. By contrast, in chapter 
we show that the nonlocal SSE is suppressed rather than enhanced at the resonant
condition. We attribute this to the fact that not only the spin Seebeck coefficient, but
also the magnon spin conductivity is enhanced by magnon-phonon hybridization.
The competing mechanisms that drive the SSE, illustrated in Fig. . can then lead to
signal suppression if the injector-detector distance is large.
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3
LONG-DISTANCE TRANSPORT OF MAGNON SPIN
INFORMATION IN A MAGNETIC INSULATOR AT
ROOM TEMPERATURE

ABSTRACT

The transport of spin information has been studied in various materials, such as metals
[], semiconductors [] and graphene []. In these materials, spin is transported by
diffusion of conduction electrons []. Here we study the diffusion and relaxation of
spin in a magnetic insulator, where the large bandgap prohibits the motion of electrons.
Spin can still be transported, however, through the diffusion of non-equilibrium
magnons, the quanta of spin wave excitations in magnetically ordered materials.
Here we show experimentally that these magnons can be excited and detected fully
electrically [–] in linear response, and can transport spin angular momentum
through the magnetic insulator yttrium iron garnet (YIG) over distances as large as
40µm. We identify two transport regimes: the diffusion limited regime for distances
shorter than the magnon spin diffusion length, and the relaxation limited regime for
larger distances. With a model similar to the diffusion-relaxation model for electron
spin transport in (semi)conducting materials, we extract the magnon spin diffusion
length λm = (9.4± 0.6)µm in a 200nm thin YIG film at room temperature.

Published as: L.J. Cornelissen, J. Liu, R.A. Duine, J. Ben Youssef and B.J. van Wees, Long-distance transport
of magnon spin information in a magnetic insulator at room temperature, Nature Physics, ,  ()
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 . long-distance transport of magnon spin information

. introduction

Recently, a great deal of attention is devoted to the investigation of thermally ex-
cited magnons, particularly in studies of the spin Seebeck effect in YIG [–], for
which the relaxation length of magnons was investigated in a local longitudinal spin
Seebeck geometry []. Long distance transport of thermally excited magnons was
demonstrated very recently at T = 23K, using a non-local geometry []. However,
thermal excitation is a non-linear and relatively slow process and does not allow for
high fidelity transport and conversion of information. To facilitate magnonic devices
operating in linear response at room temperature, the ideal signal pathway would
be: input electronic charge signal→ electron spins→magnons→ electron spins→
output charge signal. Information processing and transport can then be done in the
magnon part of the pathway [].

Kajiwara et al. [] reported long distance transmission of signals in YIG by
spin waves interconversion. However, in their experiment spin waves are excited
by exerting a spin transfer torque [, ] (STT) on the magnetization large enough
to overcome the intrinsic and interfacial Gilbert damping, driving the sample into
ferromagnetic resonance (FMR). The STT was generated by the spin Hall effect (SHE)
in a platinum layer, deposited on the YIG. Spin waves generated in this type of
experiment typically have frequencies f < 10GHz [, , ], much smaller than the
thermal energy (hf � kBT ) and are hence in the classical regime. Excitation of this
type of spin waves by STT is a highly non-linear process, where a threshold current
density has to be overcome to compensate the damping of the specific spin wave
modes. Their experiments proved difficult to reproduce, but recently Collet et al. have
shown that YIG nanostructures can be driven into FMR via STT []. Chumak et al.
[] demonstrated long range low frequency spin wave spin transport using radio
frequency magnetic fields to excite spin waves, which were detected making use of
the inverse spin Hall effect (ISHE) in platinum.

Here, we demonstrate for the first time the excitation and detection of high fre-
quency magnons (i.e. quantized spin waves with hf ≈ kBT ) via a spin accumulation in
a paramagnetic normal metal layer, and their long distance transport in YIG. Since
the spin accumulation can be induced (via the SHE) and detected (via the ISHE) elec-
trically, this method allows for full electrical excitation and detection of magnon spin
signals in linear response and provides a new route towards the development of low-
power electronic devices, utilizing magnons rather than electrons for the transport
and processing of information.

. experimental concept

We study the transport of magnons in a non-local geometry, shown schematically
in Fig. .a. The devices consist of platinum (Pt) strips, deposited on a thin YIG
film (see Sec. .. for fabrication details). One Pt strip functions as injector, another
as detector (Figure .c). When a charge current I is sent through the injector, the
SHE generates a transverse spin current. A spin accumulation µs then builds up at
the Pt|YIG interface, pointing in the film plane. When the spin orientation of µs
is parallel (anti-parallel) to the average magnetization M , magnons are annihilated
(excited), resulting in a non-equilibrium magnon population nm in the YIG [–]
(shown schematically in Figs. .a and .b). The non-equilibrium magnons diffuse
in the YIG, giving a magnon current jm from injector to detector. At the detector,
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the reciprocal process occurs: magnons interact at the interface, flipping the spins
of electrons and creating a spin imbalance in the platinum (Figure .b). Due to the
ISHE, the induced spin current is converted into charge current, which under open
circuit conditions generates a voltage V . The non-local resistance is then Rnl = V /I .

Figure .: (a) Schematic representation of the experimental geometry. A charge current I through
the left platinum strip (the injector) generates a spin accumulation at the Pt|YIG interface through
the spin Hall effect. Via the exchange interaction at the interface, angular momentum is transferred to
the YIG, exciting or annihilating magnons. The magnons then diffuse towards the right platinum
strip (the detector), where they are absorbed and a spin accumulation is generated. Via the inverse
spin Hall effect the spin accumulation is converted to a charge voltage V , which is measured. (b)
Schematic of the magnon creation and absorption process. A conduction electron in the platinum
scattering off the Pt|YIG interface transfers spin angular momentum to the YIG. This will flip its spin
and create a magnon. The reciprocal process occurs for magnon absorption. (c) Optical microscope
image of a typical device. The parallel vertical lines are the platinum injector and detector, which are
contacted by gold leads. Current and voltage connections are indicated schematically. An external
magnetic field H is applied under an angle α. The scale bar represents 20µm.
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Since only the component of µs collinear to M contributes to magnon injec-
tion/detection, we expect to see a dependence of Rnl on the angle α (Figure .c)
between the sample and an in-plane external magnetic field H that orients M (see
Sec. .. for further details). We perform non-local measurements as a function
of α by rotating the sample in a fixed external field. Using lock-in amplifiers, we
separate higher order contributions in the voltage by measuring higher harmonics,
using: V = R1I +R2I

2 + ..., where Ri is the i-th harmonic response []. Since magnon
spin injection/detection scales linear with I , its magnitude is obtained from the first
harmonic signal. Any thermal effects due to Joule heating (for which ∆T ∝ I2) will be
detected in the second harmonic signal. The result of such a measurement is shown in
Fig. .a (.c) for the first (second) harmonic, and the observed angular dependence
is explained schematically in Fig. .b (Fig. .d).

. distance dependence

We fabricated two series of devices with different injector-detector separation distances
d. Series A is tailored to the short distance regime (d < 5µm), while series B explores
the long distance regime (3 < d < 50µm). For each device, a non-local measurement
as shown in Fig. . was performed. The magnitudes of the non-local resistances were
extracted for every d, by fitting the data with:

R1ω = R1ω
0 +R1ω

nl cos
2α, (.)

R2ω = R2ω
0 +R2ω

nl cosα, (.)

where R1ω
0 and R2ω

0 are offset resistances (see Sec. .. for further discussion) and
R1ω
nl (R2ω

nl ) are the magnitudes of the first (second) harmonic signal. Figures .a and
.c (.b and .d) show the results on a linear and logarithmic scale, for the first
(second) harmonic non-local resistance. Both R1ω

nl and R2ω
nl are normalized to device

length, to compare devices having different lengths.
From Fig. .we can clearly observe two regimes, which we interpret as follows: At

large distances, signal decay is dominated by magnon relaxation and is characterized
by exponential decay. For distances shorter than the magnon spin diffusion length we
observe diffusive transport and the signal follows a 1/d behavior (inset Fig. .a). Both
regimes are well described with a single model, using the D spin diffusion equation
[, ], adapted for magnon transport:

d2nm
dx

=
nm
λ2
m
, with λm =

√
Dτ, (.)

where nm is the non-equilibrium magnon density, λm is the magnon spin diffusion
length in YIG, D is the magnon diffusion constant and τ the magnon relaxation time.
The D approach is valid since the YIG thickness (200nm) is much smaller than the
injector-detector distance d, while the device length is much larger than d. We assume
strong spin-magnon coupling between YIG and platinum, given the large spin-mixing
conductance at the Pt|YIG interface [, ] and the strong spin-orbit interaction in
platinum. We therefore impose the boundary conditions nm(0) = n0 and nm(d) = 0,
where n0 is the injected magnon density which is proportional to the applied current
and is determined by various material and interface parameters. These conditions
imply that the injector acts as a low impedance magnon source, and all magnon
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Figure .: Nonlocal resistance as a function of the angle α. (a) First harmonic signal. A cos2α
fit through the data is shown as . (b) Schematic top-view of the experiment. A charge current I
through the injector generates a spin accumulation µi at the Pt|YIG interface. The component µ‖
parallel to the net YIG magnetization MYIG generates non-equilibrium magnons in the YIG, which
gives rise to a cosα dependence of the injected magnon density. The magnons then diffuse to the
detector. At the detector, a spin accumulation µ‖ to MYIG is generated. Due to the inverse spin Hall
effect, µ‖ generates a charge voltage, of which we detect the component generated by µd . This gives
rise to a cosα dependence of the detected magnon current. The total signal is a product of the effects
at the injector and detector, leading to the cos2α dependence shown in figure a. (c) Second harmonic
signal. is a cosα fit through the data. (d) Schematic illustration of the angular dependence of the
second harmonic: Joule heating at the injector excites magnons thermally, which diffuse to the detector.
This process is independent of α. At the detector, the excited magnons generate a spin accumulation
anti-parallel to the YIG magnetization, which is detected in the same way as for the first harmonic,
giving rise to a total cosα dependence. The data shown in figure a and c is from a device with an
injector-detector separation distance of 200nm and a device length of 12.5µm, measured at a lock-in
frequency f = 9Hz.

current is absorbed when it arrives at the detector. The solution to equation . is
of the form nm(x) = aexp(−x/λm) + bexp(x/λm) and from the boundary conditions we
find for the magnon diffusion current density jm = −D dnm

dx at the detector:

jm(x = d) = −2D n0
λm

exp(d/λm)
1− exp(2d/λm)

. (.)

The non-local resistance is proportional to jm(d)/n0, and we adopt a two-parameter
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Figure .: Amplitude of the non-local signals as a function of injector-detector separation distance.
Every data point represents a device with a different injector-detector separation and results from an
angle-dependent measurement as shown in Fig. .. The magnitude of the signal is extracted by fitting
the angle-dependent non-local resistance to Eq. . (.) for the first (second) harmonic. The error
bars represent the standard error in the fits. The signal is scaled by device length for both first and
second harmonic. Figures (a) and (c) show the first harmonic data on a linear and logarithmic scale,
respectively. A fit to Eq. . is shown as , from which we find λ1ωm = (9.4± 0.6)µm. For d < λm,
the data is well described by a A/d fit ( in the inset of figure a). Figures (b) and (d) show the second
harmonic data on a linear and logarithmic scale. The fit to Eq. . is again shown as , and we find
λ2ωm = (8.7± 0.8)µm. The inset to figure b shows the short distance behavior of the second harmonic
signal. For very short distances, the signal changes sign. For this reason, data points with d < 0.5µm
were omitted from the fit in figure b and d.

fitting function for the non-local resistances, capturing the distance independent
prefactors in a single parameter C:

Rnl =
C
λm

exp(d/λm)
1− exp(2d/λm)

. (.)

The signal decay described by equation . is equivalent to that of spin signals in
metallic spin valves with transparent contacts []. The dashed lines shown in fig-
ure a,c are best fits to this function, where we find from the first harmonic data
λ1ω
m = (9.4± 0.6)µm. From the second harmonic signal (figure b,d), originating from

magnons generated by heat produced in the injector strip, we find λ2ω
m = (8.7± 0.8)µm.

For distances larger than 40µm, the non-local voltage is smaller than the noise level of
our setup (approximately  nVrms). We compare the magnitude and sign of the signal



3

. conclusions 

in the short distance measurements to a local measurement in Supplementary section
A. From this, we obtain a value for the spin conductivity of YIG, σm = 4× 105 Sm−1
which is very comparable to that of metals.

. conclusions

The first and second harmonic signal can be characterized by similar values of λm,
indicating that thermally excited magnons are also generated in close vicinity of the in-
jector. This supports the conclusions drawn by Giles et al. [], i.e. for thermal magnon
excitation the magnon signal reaches far beyond the thermal gradient generated by
the applied heating. Note however that the sign change for the second harmonic signal
(see inset of Fig. .b) illustrates that the physics for electrical and thermal magnon
generation is very different. This is discussed further in Supplementary section B.

We verify our assumption of magnon excitation and detection in linear response
by performing measurements where we reversed the role of injector and detector.
The results are shown in Fig. .a (Fig. .b) for the first (second) harmonic. For
the first harmonic non-local resistance we find R1ω

V−I = (13.28± 0.02)mΩ and R1ω
V−I =

(13.26± 0.03)mΩ. Since we find RV−I (B) = RI−V (−B) [], we conclude that Onsager
reciprocity holds within the experimental uncertainty, despite the asymmetry in
the injector-detector geometry. Reciprocity does not hold for the second harmonic
(Fig. .b), as expected for non-linear processes. Finally, we verify that V 1ω

nl scales
linearly with applied current (Fig. .). The linearity and reciprocity of the first
harmonic non-local signal demonstrate that it is due to linear processes only.

a

-180 -120 -60 0 60 120 180
-2

0

2

4

6

8

10

12

14

 I-V

 V-I

R
1

ω

 (
m

Ω
)

α (degrees)

b

-180 -120 -60 0 60 120 180
-80

-60

-40

-20

0

20

40

60

80

 I-V

 V-I

R
2

ω

 (
V

/A
2
)

α  (degrees)

Figure .: Reciprocity of the non-local resistance. (a) First harmonic signal as a function of angle
for the I-V ( ) and V-I ( ) configurations. We extract the amplitude of the signal using a fit to Eq. .,
and we find R1ω

V−I = (13.28± 0.02)mΩ and R1ω
I−V = (13.26± 0.03)mΩ. We thus conclude that

reciprocity holds. (b) Second harmonic signal as a function of angle. We extract the amplitude of the
signal using a fit to Eq. ., and we find R2ω

V−I = (76.3± 0.5)VA−2 and R2ω
I−V = (132.8± 0.5)VA−2.

We conclude that reciprocity does not hold for the second harmonic. The data shown here is obtained
from a device with an injector-detector separation distance of 200nm and a device length of 12.5µm,
measured at a lock-in frequency f = 5.939Hz.

Remarkably, the observed magnon transport is well described by the familiar spin
diffusion model, despite the completely different character of the carriers of spins in
magnetic insulators (bosons) compared to metals and semiconductors (fermions). Our
results are consistent with spin injection/detection by invasive contacts, indicating



3

 . long-distance transport of magnon spin information

0 20 40 60 80 100
0,0

0,5

1,0

1,5
 V

1ω

 Linear fit

V
1

ω

n
l 
 (

µ
V

)

I
c
 (µA)

Figure .: Linearity of the non-local resistance. The nonlocal voltage is plotted as a function of
injected charge current. The data is obtained from angle dependent measurements. A data point
represents the amplitude of the angle dependent voltage, obtained by a fit to Eq. .. The error bars,
representing the standard error in the fit, are also plotted but are smaller than the data points. A
linear fit through the data shows the linearity of the first harmonic signal. The data shown here is
obtained from a device with an injector-detector separation distance of 200nm and a device length of
12.5µm, measured at a lock-in frequency f = 5.939Hz.

that by optimizing contact properties the signals could be enhanced further. Our
observation that the YIG spin conductivity is comparable to that of metals, combined
with the long magnon spin diffusion length in YIG provides new opportunities from a
technological point of view to enable novel magnonic devices based on microstruc-
tured YIG. The observed similarity between electron and magnon transport begs the
question how far this analogy reaches, and calls for the investigation of effects such as
the magnon Hall effect and possibly ballistic magnon transport at lower temperatures.

. methods

.. Fabrication

The YIG samples of series A consist of a 200nm () single crystal YIG film grown on
a 500µm () Gd3Ga5O12 (GGG) substrate by liquid-phase epitaxy (LPE), provided
by the Université de Bretagne Occidentale in Brest, France. YIG samples of series
B were obtained commercially from the company Matesy GmbH, and consist of a
210nm single crystal () Y3Fe5O12 film grown by LPE, also on a GGG substrate.
The saturation magnetization MS and Gilbert damping parameter αG are comparable
for the YIG samples of series A and B, with MA

S ≈ 140kAm−1, αA
G ≈ 2× 10−4 and

MB
S ≈ 144kAm−1, αB

G ≈ 1.4× 10−4. Values of MS were obtained from SQUID magne-
tometry measurements, while the value for αB was determined via FMR linewidth
measurements (data obtained from: N. Vlietstra and J. Ben Youssef [series A], Matesy
GmbH [series B]).

The device pattern was defined using three e-beam lithography steps, each fol-
lowed by a standard deposition and lift-off procedure. The first step produces a Ti/Au
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marker pattern, used to align the subsequent steps. The second step defines the
platinum injector and detector strips, which were deposited by DC sputtering in an
Ar+ plasma at an argon pressure of 3.3× 10−3 mbar. The deposited Pt thickness was
approximately 13 nm for series A devices and 7nm for series B devices, measured by
atomic force microscopy. The third step defines / nm Ti/Au leads and bonding
pads, deposited by e-beam evaporation. Prior to Ti evaporation, argon ion milling was
used to remove any polymer residues from the platinum strips, ensuring electrical con-
tact between the platinum and the leads. Devices of series A have an injector/detector
length of LA = 7.5 to 12.5µm and a strip width of wA ≈ 100-150nm. Devices of series
B have an injector/detector length of LB = 100µm and a strip width of wB ≈ 300nm.

.. Measurements

All measurements were carried out using three SR lock-in amplifiers using ex-
citation frequencies ranging from  to 40Hz. The lock-in amplifiers are set up to
measure the first, second and third harmonic response of the sample. Current was
sent to the sample using a custom built current source, galvanically isolated from
the rest of the measurement equipment. Voltage measurements were made using
a custom built pre-amplifier (gain 103-105) and amplified further using the lock-in
systems. The current applied to the sample ranged from  to 200µA (root mean
squared). The typical excitation current used is I = 80µA, which results in a charge
current density of jc ≈ 1× 1010Am−2, depending on the specific device geometry.
The in-plane coercive field of the YIG is µ0Hc < 1mT for both YIG samples, and we
apply an external field to orient the magnetization (typically µ0Hext = 5mT) using
a GMW electromagnet. The sample was rotated with respect to the magnet poles
using a rotatable sample holder with stepper motor. The offset resistances R1ω

0 and
R2ω
0 described in Eqs. . and . depend on the capacitive and inductive coupling

between the measurement wires to and from the sample and vanish for low excitation
frequencies (typically when flock−in < 5Hz).

. appendix

.. Comparison with local spin Hall magnetoresistance

To study the limiting case d → 0, we do a local spin Hall magnetoresistance (SMR)
measurement [] on the injector. In such a measurement, a current is sent through
a platinum strip on a YIG film while simultaneously measuring the first harmonic
voltage over that same strip. The resistance that is measured will depend on the
orientation of the YIG magnetization M with respect to the spin orientation of the
spin accumulation µs in the platinum. When M ⊥ µs, electron spins arriving at the
Pt|YIG interface are absorbed. When M ‖ µs, the spins are (mostly) reflected. This
leads to a higher resistance for the perpendicular case than for the parallel case, and
the difference in resistance RSMR = R⊥ −R‖ is the SMR response.

We do an SMR measurement on the injector strip of our devices. The sample is
then rotated in an external field to extract the magnitude of the SMR response. We
find RSMR

l = (6.8± 0.2)× 104Ωm−1 (averaged over  devices), approximately  times
larger than the maximum nonlocal signal (R1ω

nl = 1.2× 103Ωm−1, for d = 200nm).
Note that with an SMR measurement we measure the difference between the number
of absorbed spins and reflected spins, while in the non-local geometry we are sensitive
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only to the number of spins that are transferred across the interface when M ‖ µs. The
magnitude of the SMR signal is governed by the spin conductance of the platinum strip
[] gPt, while the number of transferred spins for the collinear case is governed by
the effective mixing conductance [] gs ≈ 0.16gr , as well as the Pt spin conductance.

In terms of spin resistances and in the diffusive regime, we can calculate the ratio
of the non-local signal and the SMR signal to be:

Rnl/R
SMR =

Rs
Pt

2Rs
Pt + 2Rs

i +Rs
YIG

. (.)

Here, Rs
Pt is the spin resistance of the platinum, Rs

i the spin resistance due to the
Pt|YIG interface and Rs

YIG the spin resistance of the YIG channel. The platinum
spin conductance (limited by the spin diffusion length) is [] gPt ≈ 1× 1014Ωm−2,
while the effective mixing conductance of the Pt|YIG interface is gs ≈ 1× 1013Ωm−2.
Using the Pt|YIG interface area of A ≈ 1.9× 10−12m2 and the ratio Rnl/R

SMR = 1/57,
we find for the spin resistance of the YIG channel in the shortest distance nonlocal
measurement Rs

YIG ≈ 0.2Ω. Given the channel dimensions of LC = d = 200nm, wC =
12.5µm and tC = 200nm, this yields a YIG spin conductivity of σm ≈ 4× 105 Sm−1.
Interestingly, this spin conductivity is only one order of magnitude lower than the
electrical conductivity of some common metals, for instance the platinum that we use,
σPt = (2.1± 0.2)× 106 Sm−1. This underscores the fact that YIG is indeed an excellent
conductor for magnon spin currents.

The symmetry of the SMR signal as a function of angle α is the same as that of the
nonlocal resistance, since the SMR response also involves both the spin Hall effect and
the inverse spin Hall effect, leading to the cos2α dependence. Furthermore, the signs
of the local and nonlocal signal agree, which is required since both effects involve the
square of the spin Hall angle in platinum. Note that the sign of the nonlocal signal as
described theoretically by Zhang & Zhang [] is opposite from the sign we observe.
This is still consistent with our observations however, since the parallel layer geometry
(Pt|YIG|Pt) described in their paper yields an opposite direction for the spin current
entering the platinum detector compared to our planar non-local geometry.

.. Sign of the second harmonic response

As shown in the inset of Fig. .b, the second harmonic signal changes sign for
very short distances (d = 200nm), while the signal is maximum for d ≈ 600nm. To
investigate this sign change, we performed local measurements of the spin Seebeck
voltage in the current heating configuration [, ]. In this configuration, a charge
current is applied to the injector and the second harmonic voltage over the injector is
measured simultaneously. Figure . shows a comparison for the local (.a), short
distance nonlocal (.b) and longer distance nonlocal (.b, .d) signals. It can be
seen that the signal sign for the shortest distance matches that of the local spin Seebeck
signal. We can understand this as when we move the detector closer and closer to
the injector, we approach the limit of a local measurement. While it would be of
great interest to develop a quantitative picture, this is outside the scope of this paper.
Instead, we provide a qualitative explanation, guided by the fact that the change in
sign occurs at a distance d ≈ 200nm which is comparable to the YIG film thickness
tYIG = 200nm.

The second harmonic signal is due to thermally generated magnons, excited by the
heat generated by Joule heating due to the current flowing in the injector strip. Since
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a b

c d

Figure .: Comparison of the sign of the second harmonic signal. The spin Seebeck voltage VSSE is
measured as a function of the external field, for a fixed sample position. Due to the cosα symmetry
of VSSE, we observe a difference in signal for positive (α = 0) and negative (α = −180°) fields. From
figure a and c it is clear that sign of the local VSSE agrees with that of the shortest nonlocal distance
(d = 200nm), while for longer distances (figures b and d) the sign is reversed. This can also be seen
from the inset in Fig. .b. In the local measurement in figure a, a large offset voltage is present which
we believe is caused by the conventional Seebeck effect at the Pt|(Ti/Au) interfaces in the device. The
small offset in the non-local measurements in figures b, c and d has the same origin, but is much
smaller since only a fraction of the heat generated in the injector reaches the detector. For distances
larger than a few microns, the offset vanishes completely.

the heat conductivity of the GGG substrate is close to that of the YIG film, most of the
heat generated in the injector will flow towards the substrate, normal to the plane of
the film. The spin Seebeck effect in Pt|YIG bilayers is well described as being driven by
temperature differences at the Pt|YIG interface []. Additionally, a bulk spin Seebeck
effect has been proposed where the driving force is the temperature gradient in the
bulk of the YIG [, ]. Following the bulk theory, an applied temperature gradient
∇T in a YIG film generates a magnon spin current parallel to ∇T . Since the YIG film
thickness is much smaller than the magnon spin relaxation length a magnon spin
accumulation will build up at the interfaces, having opposite sign at the YIG|GGG
compared to the Pt|YIG interface.

For the situation where d is comparable to tYIG, the magnon accumulation at the
Pt|YIG interface dominates the signal, giving rise to an agreement in sign for the local
and 200nm nonlocal signal. For distances further away, diffusion of the YIG|GGG
magnon accumulation across the film thickness compensates the Pt|YIG accumulation
and becomes dominant for d > tYIG, causing the sign reversal as a function of distance.
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As a consequence, for distances d < 500nm, the assumption that the injector is
an ideal localized magnon source is no longer valid for the thermal generation case.
Therefore, signal decay in this regime is no longer well described by Eq. . in the main
text and we omitted the devices with d < 500nm when fitting the second harmonic
signal. Obtaining a quantitative picture of this behavior will require detailed modeling
of the heat and spin currents in the sample.
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MAGNON SPIN TRANSPORT DRIVEN BY THE
MAGNON CHEMICAL POTENTIAL IN A MAGNETIC
INSULATOR

ABSTRACT

We develop a linear-response transport theory of diffusive spin and heat transport by
magnons in magnetic insulators with metallic contacts. The magnons are described
by a position dependent temperature and chemical potential that are governed by dif-
fusion equations with characteristic relaxation lengths. Proceeding from a linearized
Boltzmann equation, we derive expressions for length scales and transport coefficients.
For yttrium iron garnet (YIG) at room temperature we find that long-range transport
is dominated by the magnon chemical potential. We compare the model’s results
with recent experiments on YIG with Pt contacts [L.J. Cornelissen, et al., Nat. Phys.
,  ()] and extract a magnon spin conductivity of σm = 5× 105 Sm−1. Our
results for the spin Seebeck coefficient in YIG agree with published experiments. We
conclude that the magnon chemical potential is an essential ingredient for energy and
spin transport in magnetic insulators.

Published as: L.J. Cornelissen, K.J.H. Peters, G.E.W. Bauer, R.A. Duine and B.J. van Wees, Magnon spin
transport driven by the magnon chemical potential in a magnetic insulator, Phys. Rev. B ,  ().
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. introduction

The physics of diffusive magnon transport in magnetic insulators, first investigated
by Sanders and Walton [], has been a major topic in spin caloritronics since the
discovery of the spin Seebeck effect (SSE) in YIG|Pt bilayers [–]. This transverse
voltage generated in platinum contacts to insulating ferromagnets under a temper-
ature gradient can be explained by thermal spin pumping caused by a temperature
difference between magnons in the ferromagnet and electrons in the platinum [–].
The magnons and phonons in the bulk ferromagnet are considered as two weakly
interacting subsystems, each with their own temperature []. Hoffman et al. explained
the spin Seebeck effect in terms of the stochastic Landau-Lifshitz-Gilbert equation
with a noise term that follows the phonon temperature [].

Recently, diffusive magnon spin transport over large distances has been observed
in YIG that was driven either electrically [, ], thermally [] or optically [].
Notably, our observation of electrically driven magnon spin transport was recently
confirmed in a Pt|YIG|Pt trilayer geometry[, ]. Here we argue that previous
theories cannot explain these observations, and therefore do not capture the complete
physics of magnon transport in magnetic insulators. We present arguments in favor
of a non-equilibrium magnon chemical potential and work out the consequences for
the interpretation of experiments.

Magnons are the elementary excitations of the magnetic order parameter. Their
quantum mechanical creation and annihilation operators fulfill the boson commu-
tation relations as long as their number is sufficiently small. Just like photons and
phonons, magnons at thermal equilibrium are distributed over energy levels according
to Planck’s quantum statistics for a given temperature T . This is a Bose-Einstein distri-
bution with zero chemical potential, because the energy and therefore magnon number
is not conserved. Nevertheless, it is well established that a magnon chemical potential
can parametrize a long-living non-equilibrium magnon state. For instance, paramet-
ric excitation of a ferromagnet by microwaves generates high energy magnons that
thermalize much faster by magnon-conserving exchange interactions than that their
number decays []. The resulting distribution is very different from a zero-chemical
potential quantum or classical distribution function, but is close to an equilibrium
distribution with a certain temperature and nonzero chemical potential. The break-
down of even such a description is then indicative of the creation of a Bose (or, in the
case of pumping at energies much smaller than the thermal one, Rayleigh-Jeans [])
condensate. This new state of matter has indeed been observed []. Here we argue
that a magnon chemical potential governs spin and heat transport not only under
strong parametric pumping, but also in the linear response to weak electric or thermal
actuation [].

The elementary magnetic electron-hole excitations of normal metals or spin accu-
mulation has been a very fruitful concept in spintronics []. Since electron thermal-
ization is faster than spin-flip decay, a spin polarized non-equilibrium state can be
described in terms of two Fermi-Dirac distribution functions with different chemical
potentials and temperatures for the majority and minority spins. We may distinguish
the spin (particle) accumulation as the difference between chemical potentials from
the spin heat accumulation as the difference between the spin temperatures []. Both
are vectors that are generated by spin injection and governed by diffusion equations
with characteristic decay times and lengths. The spin heat accumulation decays faster
than the spin particle accumulation, since both are dissipated by spin-flip scattering,
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while the latter is inert to energy exchanging electron-electron interactions. Here we
proceed from the premise that non-equilibrium states of the magnetic order can be
described by a Bose-Einstein distribution function for magnons that is parametrized
by both temperature and chemical potential, where the latter implies magnon number
conservation. We therefore define a magnon heat accumulation δTm as the difference
between the temperature of the magnons and that of the lattice. The chemical po-
tential µm then represents the magnon spin accumulation, noting that this definition
differs from that by Zhang and Zhang [], who define a magnon spin accumulation
in terms of the magnon density. The crucial parameters are then the relaxation times
governing the equilibration of δTm and µm. When the magnon heat accumulation
decays faster than the magnon particle accumulation, previous theories for magnonic
heat and spin transport should be doubted [, –, ].

The relaxation times are governed by the collision integrals that include inelastic
(one, two and three magnon scatterings involving phonons) and elastic two and four-
magnon scattering processes. At room temperature, two-magnon scattering due to
disorder is likely to be negligibly small compared to phonon scattering. Four-magnon
scattering only redistributes the magnon energies, but does not lead to momentum
or energy loss of the magnon system. Processes that do not conserve the number
of magnons are caused by either dipole-dipole or spin-orbit interaction with the
lattice and should be less important than the magnon-conserving ones for high quality
magnetic materials such as YIG. At room temperature, the magnon spin accumulation
is then essential to describe diffusive spin transport in ferromagnets.

Here we revisit the linear response transport theory for magnon spin and heat
transport, deriving the spin and heat currents in the bulk of the magnetic insulator
as well as across the interface with a normal metal contact. The magnon transport
is assumed to be diffusive. Formally we are then limited to the regime in which the
thermal magnon wavelength Λ and the magnon mean free path � (the path length
over which magnon momentum is conserved) are smaller than the system size L.
The wavelength of magnons in YIG in a simple parabolic band model and is a few
nanometers at room temperature. Boona et al. [] find that � at room temperature
is of the same order. As in electron transport in magnetic multilayers, scattering at
rough interfaces is likely to render a diffusive picture valid even when the formal
conditions for diffusive bulk transport are not met. Under the assumptions that
magnons thermalize efficiently and that the mean-free path is dominated by magnon-
conserving scattering by phonons or structural and magnetic disorder, we find that
the magnon chemical potential is required to harmonize theory and experiments on
magnon spin transport [].

This chapter is organized as follows: We start with a brief review of diffusive
charge, spin and heat transport in metals in Sec. ... In Sec. .., we derive the
linear response expressions for magnon spin and heat currents, starting from the
Boltzmann equation for the magnon distribution function. We proceed with boundary
conditions at the Pt|YIG interface in Sec. ... In Sec. .. we provide estimates
for relaxation lengths and transport coefficients for YIG. The transport equations
are analytically solved for a one-dimensional model (longitudinal configuration)
in Sec. ... In Sec. .. we implement a numerical finite-element model of the
experimental geometry and we compare results with experiments in Sec. ... We
apply our model also to the (longitudinal) spin Seebeck effect in Sec. ... A summary
and conclusions are given in Sec. ..
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Figure .: Schematic of the D geometry [, ]. A charge current jinc is sent through the left
platinum strip along +y. This generates a spin current js = jxz = θjinc towards the YIG|Pt interface
and a spin accumulation, injecting magnons into the YIG with spin polarization parallel to the
magnetization M . The magnons diffuse towards the right YIG|Pt interface, where they excite a spin
accumulation and spin current into the contact. Due to the inverse spin Hall effect, this generates a
charge current joutc along the −y direction. Note that if M is aligned along −z, magnons are absorbed
at the injector and created at the detector.

. theory

We first review the diffusion theory for electrical magnon spin injection and detection
as published by one of us in [, ]. By introducing the magnon chemical potential
this approach can disentangle spin and heat transport in contrast to earlier treatments
based on the magnon density [] or magnon temperature [, –] only. We initially
focus on the one-dimensional geometry in Fig. . with two normal metal (Pt) contacts
to the magnetic insulator YIG. We express the spin currents in the bulk of the normal
metal contacts and magnetic spacer, and the interface. While Ref. [] focused on
the chemical potential, here we include the magnon temperature as well. At low
temperatures the phonon specific heat has been reported to be an order of magnitude
larger than the magnon one []. The room-temperature phonon mean free path (that
provides an upper bound for the phonon collision time) of a few nm [] corresponds
to a sub-picosecond transport relaxation time for sound velocities of 103 − 104 m/s.
From the outset, we therefore take the phonon heat capacity to be so large and the
phonon mean free path and collision times so short that the phonon distribution is
not significantly affected by the magnons. The phonon temperature Tp is assumed to
be either a fixed constant or, in the spin Seebeck case, to have a constant gradient. For
simplicity, we also disregard the finite thermal (Kapitza) interface heat resistance of
the phonons [].

.. Spin and heat transport in normal metals

There is much evidence that spin transport in metals is well described by a spin
diffusion approximation. Spin-flip diffusion lengths of the order of nanometers
reported in platinum betray the existence of large interface contributions [], but
the parametrized theory describes transport well []. The charge (jc,α), spin (jαβ)
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and heat (jQ,α) current densities in the normal metals, where the spin polarization is
defined in the coordinate system of Fig. ., are given by (see e.g. [])

jc,α = σe∂αµe −σeS∂αTe −
σSH
2

εαβγ∂βµγ ,

2e
�
jαβ = −σe

2
∂αµβ −σSHεαβγ∂γµe −σSHSSNεαβγ∂γTe ,

jQ,α = −κe∂αTe −σeP∂αµe −
σSH
2

PSNεαβγ∂βµγ . (.)

Here, µe, Te, and µα denote the electrochemical potential, electron temperature,
and spin accumulation, respectively. The subscripts α,β,γ ∈ {x,y,z} are Cartesian
components in the coordinate system in Fig. ., α indicating current direction and
β spin polarization. εαβγ is the Levi-Civita tensor and the summation convention is
assumed throughout. The charge, spin, and heat current densities are measured in
units of A/m2, J/m2 and W/m2, respectively, while both the electrochemical potential
and the spin accumulation are in volts. The charge and spin Hall conductivities are
σe and σSH, both in units of S/m. Thermoelectric effects in metals are governed by
the Seebeck coefficient S and Peltier coefficient P = STe. Similarly, we allow for a
spin Nernst effect via the coefficient SSN and the reciprocal spin Ettingshausen effect
governed by PSN = SSNTe. We assume, however, that spin-orbit coupling is weak
enough so that we can ignore spin swapping terms, i.e., terms of the form jαβ ∼ ∂βµα
and their Onsager reciprocal []. The spin heat accumulation in the normal metal
and therefore spin polarization of the heat current are disregarded for simplicity
[]. � and −e are Planck’s constant and the electron charge. The continuity equation
∂tρe +∇ · je = 0 expresses conservation of the electric charge density ρe. The electron
spin µ and heat Qe accumulations relax to the lattice at rates Γsµ and ΓQT , respectively:

∂tsβ +
1
�
∂αjαβ = −2Γsµeµβν , (.)

∂tQe +∇ · jQ = −ΓQTCe

(
Te −Tp

)
, (.)

where the non-equilibrium spin density sβ = 2eµβν, Ce is the electron heat capacity
per unit volume, and ν the density of states at the Fermi level. Inserting Eq. (.)

leads to the length scales λs =
√
σe/

(
4e2Γsµν

)
and λep =

√
κe/

(
ΓQTCe

)
governing the

decay of the electron spin and heat accumulations, respectively. At room temperature,
these are typically λPt

s = 1.5 nm, λPt
ep = 4.5 nm for platinum [, ], and λAu

s = 35 nm,
λAu
ep = 80 nm for gold [, ].

.. Spin and heat transport in magnetic insulators

Magnonics traditionally focuses on the low energy, long wavelength regime of coherent
wave dynamics. In contrast, the basic and yet not well tested assumption underlying
the present theory is diffusive magnon transport, which we believe to be appropriate
for elevated temperatures in which short-wavelength magnons dominate. Diffusion
should be prevalent when the system size is larger than the magnon mean free path
and magnon thermal wavelength (called magnon coherence length in []). Magnons
carry angular momentum parallel to the magnetization (z-axis). Oscillating transverse
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components of the angular momentum can be safely neglected for system sizes larger
than the magnetic exchange length, which is on the order of ten nanometer in YIG at
low external magnetic fields [].

Not much is known about the scattering mean-free path, but extrapolating the
results from Ref. [] to room temperature leads to an estimate of a few nm. Dipolar
interactions affect mainly the long wavelength coherent magnons that do not con-
tribute significantly at room temperature. Thermal magnons interact by strong and
number-conserving exchange interactions. In the Appendix the magnon-magnon scat-
tering rate is estimated as (T /Tc)3kBT /� [, ] or a scattering time of 0.1 ps for YIG
with Curie temperature Tc ∼ 500 K at room temperature T = 300 K, where T ≈ Tm ≈ Tp .
According to the Landau-Lifshitz-Gilbert phenomenology [] the magnon decay rate
is αGkBT /� [], with Gilbert damping constant αG ≈ 10−4 � 1 for YIG. Hence, the
ratio between the scattering rates for magnon non-conserving to conserving processes
is αG(Tc/T )3 � 1 at room temperature. These numbers justify the second crucial
premise of the present formalism, viz. very efficient, local equilibration of the magnon
system. Since a spin accumulation in general injects angular momentum and heat
at different rates, we need at least two parameters for the magnon distribution f ,
i.e. an effective temperature Tm and a non-zero chemical potential (or magnon spin
accumulation) µm in the Bose-Einstein distribution function nB

f (x,ε) = nB (x,ε) =
(
e
ε−µm(x)
kBTm(x) − 1

)−1
, (.)

where kB is Boltzmann’s constant. Both magnon accumulations Tm −Tp and µm vanish
on in principle different length scales during diffusion. Assuming an isotropic (cubic)
medium, the magnon spin current (jm, in J/m2) and heat current densities (jQ,m, in
W/m2) in linear response read


2e
� jm

jQ,m

 = −


σm L/T

�L/2e κm




∇µm
∇Tm

 , (.)

where µm is measured in volts, σm is the magnon spin conductivity (in units of S/m),
L is the (bulk) spin Seebeck coefficient in units of A/m, and κm is the magnonic heat
conductivity in units of Wm−1K−1. Magnon-phonon drag contributions jm, jQ,m ∝ ∇Tp
are assumed to be absorbed in the transport coefficients since Tm ≈ Tp . The spin and
heat continuity equations for magnon transport read


∂ρm
∂t + 1

�∇ · jm
∂Qm
∂t +∇ · jQ,m

 = −

Γρµ ΓρT

ΓQµ ΓQT




µm

∂ρm
∂µm

Cm

(
Tm −Tp

)
 , (.)

in which ρm is the non-equilibrium magnon spin density and Qm the magnonic heat
accumulation. Cm is the magnon heat capacity per unit volume. The rates Γρµ and ΓQT
describe relaxation of magnon spin and temperature, respectively. The cross terms
(decay or generation of spins by cooling or heating of the magnons and vice versa) are
governed by the coefficients ΓρT and ΓQµ.

Eqs. (.) and (.) lead to the diffusion equations
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Figure .: Length scales at normal metal|ferromagnetic insulator (NM|FI) interfaces in Fig. ..
Assuming a constant gradient of the phonon temperature Tp and disregarding Joule heating, the
electron temperature Te and magnon temperature Tm relax on length scales λep and λmp. A sig-
nificant phonon heat (Kapitza) resistance would cause a step in Tp at the interface. The spin Hall
effect in the normal metal drives a spin current jxz towards the interface, which will be partially
transmitted to the magnon system (causing a non-zero magnon chemical potential in the FI) and
partially reflected back into the NM (causing a non-zero electron spin accumulation in the NM). The
electron spin accumulation µs = µz and the magnon chemical potential µm relax on length scales λs
and λm, respectively.


e αµkB

eαT /kB 1




∇2µm
∇2Tm

 =


e/λ2
m kB/

(
λρT T

2
)

e/
(
kBλQµµ

2
m

)
1/λ2

mp




µm

Tm −Tp

 , (.)

with four length scales and two dimensionless ratios. Here, λm =

√
σm/

(
2eΓρµ

)(
∂ρm
∂µm

)−1

is the magnon spin diffusion length (or relaxation length of the magnon chemical

potential) and λmp =
√
κm/

(
ΓQTCm

)
is the magnon-phonon relaxation length that

governs the relaxation of the magnon temperature. The equilibrium values for magnon
chemical potential and magnon temperature are µm = 0 and Tm = Tp (see Fig. .). The

length scales λρT =
√
kBσm/

(
2e2ΓρTCm

)
and λQµ =

√
eκm/

(
�kBΓQµ

)(
∂ρm
∂µm

)−1
arise from

the non-diagonal cross terms. The dimensionless ratio αµ = eL/
(
kBσmTp

)
is a measure

for the relative ability of chemical-potential and temperature gradients to drive spin
currents. Similarly, αT = �kBL/ (2eκm) characterizes the magnon heat current driven
by chemical potential gradients relative to that driven by temperature gradients.
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.. Interfacial spin and heat currents

The electron and magnon diffusion equations are linked by interface boundary condi-
tions. Spin currents and accumulations are parallel to magnetization direction of the
ferromagnet along the z-direction. We assume that the exchange coupling dominates
the coupling between electrons and magnons across the interface. A perturbative
treatment of the exchange coupling at the interface leads to the spin current [, ]

j ints = −
�g↑↓

2e2πs

∫
dεD(ε) (ε − eµz)

×
[
nB

(
ε − eµm
kBTm

)
−nB

(
ε − eµz
kBTe

)]
, (.)

where g↑↓ is the real part of the spin mixing conductance in S/m2, s = S/a3 the
equilibrium spin density of the magnetic insulator and S is the total spin in a unit
cell with volume a3. The density of states of magnons D(ε) =

√
ε −∆/

(
4π2J3/2s

)
for a

dispersion �ωk = Jsk2+∆. The spin wave gap ∆ is governed by the magnetic anisotropy
and the applied magnetic field. In soft ferromagnets such as YIG ∆ ∼ 1 K, which
we disregard in the following since we focus on effects at room temperature (see e.g.
Ref. []). The heat current is given by inserting ε/� into the integrand of Eq. (.).

Linearizing the above equation we find the spin and heat currents across the
interface []


j ints

j intQ

 =
3�g↑↓

4e2πsΛ3


e ζ (3/2) 5

2kBζ (5/2)
5
2
ekBT
� ζ (5/2) 35

4
k2BT
� ζ (7/2)




µz −µm
Te −Tm

 . (.)

Λ =
√
4πJs/ (kBT ) is the magnon thermal (de Broglie) wavelength (the factor 4π is in-

cluded for convenience). These expressions agree with those derived from a stochastic
model [] after correcting numerical factors of the order of unity. In YIG at room
temperature Λ ∼ 1nm. The term proportional to µz corresponds to the spin transfer
(absorption of spin current by the fluctuating magnet), while that proportional to
µm is the spin pumping contribution (emission of spin current by the magnet). The
prefactor ∼ 1/

(
sΛ3

)
can be understood by noting that sΛ3 is the effective number of

spins in the magnetic insulator that has to be agitated and appears in the denominator
of Eq. (.) as a mass term. In the macrospin approximation this term would be
replaced by the total number of spins in the magnet.

From Eq. (.) we identify the effective spin conductance gs that governs the
transfer of spin across the interface by the chemical potential difference ∆µ = µz −µm.
In units of S/m2

gs =
3ζ

(
3
2

)

2πs
g↑↓

Λ3 . (.)

Using the material parameters for YIG from Tab. . and the expression for the thermal
De Broglie wavelength given above, we find gs = 0.06g↑↓ at room temperature [, ].
gs scales with temperature like ∼ (T /Tc)3/2, but it should be kept in mind that the
theory is not valid in the limits T → Tc and T → 0. It is nevertheless consistent with
the recently reported strong suppression of gs at low temperatures [, ].
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.. Parameters and length scales

In this section we present expressions for the transport parameters derived from the
linearized Boltzmann equation for the magnon distribution function and present
numerical estimates based on experimental data.

Boltzmann transport theory

Magnon transport as formulated in the previous section is governed by the transport
coefficients σm, L, κm, four length scales λm, λmp, λρT and λQµ, and two dimension-
less numbers αµ and αT . In the Appendix we derive these parameters using the
linearized Boltzmann equation in the relaxation time approximation. We consider
four interaction events: i) elastic magnon scattering by bulk impurities or interface
disorder, ii) magnon dissipation by magnon-phonon interactions that annihilate or
create spin waves and/or inelastic scattering of magnons by magnetic disorder, iii)
magnon-phonon interactions that conserve the number of magnons, and iv) magnon-
magnon scattering by magnon-conserving exchange scattering processes, see also
Sec. ...

The magnon energy and momentum dependent scattering times for these process
are τel, τmr, τmp, and τmm. At elevated temperatures they should be computed at
magnon energy kBT and momentum �/Λ. Magnon-magnon interactions that conserve
momentum do not directly affect transport currents in our single magnon band model,
so the total relaxation rate is 1/τ = 1/τel + 1/τmr + 1/τmp.

The transport coefficients and length scales derived in the appendix are summa-
rized in Tab. .. The Einstein relation σm = 2eDm∂ρm/�∂µm connects the magnon
diffusion constant Dm defined by jm = −Dm∇ρm with the magnon conductivity, where
∂ρm/∂µm = eLi1/2(e−∆/kBT )/ (4πΛJs) and Lin(z) is the poly-logarithmic function of or-
der n.

We observe that the magnon-phonon relaxation length λmp is smaller than the
magnon spin diffusion length λm since the latter is proportional to τmr, whereas
λmp is limited by both magnon conserving and non-conserving scattering processes.
Furthermore, 1/τmr can be estimated by the Landau-Lifshitz-Gilbert equation as
∼ αGkBT /� [], where the Gilbert constant αG at thermal energies is not necessarily
the same as for ferromagnetic resonance.

Clean systems

In the limit of a clean system 1/τel→ 0. At sufficiently low temperatures the magnon-
conserving magnon-phonon scattering rate 1/τmp ∼ T 3.5 [] (see also the Appendix)
loses against 1/τmr ∼ αGkBT /� since αG is approximately temperature independent.
Then all lengths ∼ Λ/αG ∼ 10µm for YIG at room temperature and with αG = 10−4

from FMR []. The agreement with the observed signal decay [] is likely to be
coincidental, however, since the spin waves at thermal energies have a much shorter
lifetime than the Kittel mode for which αG is measured. σm estimated using the FMR
Gilbert damping is larger than the experimental value by several orders of magnitude,
which is a strong indication that the clean limit is not appropriate for realistic devices
at room temperature.
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Symbol Expression

Magnon thermal de Broglie wavelength Λ
√
4πJs/ (kBT )

Magnon spin conductivity σm 4ζ (3/2)2 e2Jsτ/(�2Λ3)

Magnon heat conductivity κm
35
2 ζ (7/2) Jsk

2
BTτ/(�

2Λ3)

Bulk spin Seebeck coefficient L 10ζ (5/2)eJskBTτ/(�2Λ3)

Magnon thermal velocity vth 2
√
JskBT /�

Magnon spin diffusion length λm vth

√
2
3ττmr

Magnon-phonon relaxation length �mp vth

√
2
3τ

(
1/τmr + 1/τmp

)−1

Magnon spin-heat relaxation length λρT λm/
√
αµ

Magnon heat-spin relaxation length λQµ λm/
√
αT

αµ
5
2ζ (5/2) /ζ (3/2)

αT
2
7ζ (5/7) /ζ (7/2)

Table .: Transport coefficients and length scales [] as derived in Appendix ..

Estimates for YIG at room temperature

The phonon and magnon inelastic mean free paths derived from the experimental
heat conductivity appear to be almost identical at low temperatures up to  K []
but could not be measured at higher temperatures. Both are likely to be limited by
the same scattering mechanism, i.e. the magnon-phonon interaction. We assume
here that the magnon-phonon scattering of thermal magnons at room temperature
is dominated by the exchange interaction (which always conserves magnons) rather
than the magnetic anisotropy (which may not conserve magnons) []. Then, τ ∼ τmp
and extrapolating the low temperature results to room temperature leads to an λmp
of the order of a nm, in agreement with an analysis of spin Seebeck [] and Peltier
[] experiments. The associated time scale τmp ∼ 1 − 0.1 ps is of the same order
as τmm estimated in Sec. ... On the other hand, τmr ∼ 1 ns from αG ∼ 10−4 and
therefore λm ∼ vth

√
τmpτmr ∼ 0.1− 1 µm. The observed magnon spin transport signal

decays over a somewhat longer length scale (∼ 10 µm). Considering that the estimated
τmr is an upper limit, our crude model apparently overestimates the scattering. An
important conclusion is, nonetheless, that λm� λmp, which implies that the magnon
chemical potential carries much farther than the magnon temperature.

With τ ∼ τmp ∼ 0.1 − 1 ps we can also estimate the magnon spin conductivity
σ ∼ e2Jsτ/�

2Λ3 ∼ 105 − 106 S/m, in reasonable agreement with the value extracted
from our experiments (see next section).

. heterostructures

Here we apply the model, introduced and parametrized in the previous section,to
concrete contact geometries and compare the results with experiments. We start
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with an analytical treatment of the one-dimensional geometry, followed by numerical
results for the transverse configuration of top metal contacts on a YIG film with finite
thickness. Throughout, we assume —motivated by the estimates presented in the
previous section— that the magnon-phonon relaxation is so efficient that the magnon
temperature closely follows the phonon temperature, i.e. Tm = Tp (only in section
.. we study the implications of the opposite case, i.e. Tm � Tp and µm = 0). This
allows us to focus on the spin diffusion equation for the chemical potential µm. This
approximation should hold at room temperature, while the opposite regime λmp� λm
might be relevant at low temperatures or high magnon densities: when the magnon
chemical potential is pinned to the band edge, transport can be described in terms of
the effective magnon temperature. The intermediate regime λmp ∼ λm in which both
magnon chemical potential and effective temperature have to be taken into account, is
left for future study.

Symbol Value Unit

YIG lattice constant a 12.376 Å

Spin quantum number per YIG unit cell S 10 -

Spin wave stiffness constant in YIG Js 8.458× 10−40 Jm2

YIG magnon spin diffusion length λm 9.4 µm

YIG spin conductivity σm 5× 105 S/m

Real part of the spin mixing conductance g↑↓ 1.6× 1014 S/m2

Platinum conductivity σe 2.0× 106 S/m

Platinum spin relaxation length λs 1.5 nm

Platinum spin Hall angle θ 0.11 -

Table .: Selected parameters for spin and heat transport in bilayers with magnetic insulators and
metals. a, S and Js are adopted from [], λs and θ from [, ], and σe is extracted from electrical
measurements on our devices []. Note that our values for σe and λs are consistent with Elliot-Yafet
scattering as the dominant spin relaxation mechanism in platinum []. The mixing conductance,
magnon spin diffusion length, and the magnon spin conductivity are estimated in the main text.

.. One-dimensional model

We consider first the one-dimensional geometry shown in Fig. .. We focus on strictly
linear response and therefore disregard Joule heating in the metal contacts as well as
thermoelectric voltages by the spin Nernst and Ettingshausen effects. The spin and
charge currents in the metal are then governed by


jc
2e
� js

 =


σe −σSH
−σSH −σe




∂yµe
1
2∂xµz

 , (.)

where the charge transport is in the y-direction, spin transport in the x-direction, and
the electron spin accumulation is pointing in the z-direction. The spin and magnon
diffusion equations reduce to
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∂2µs
∂x2

=
µz
λ2
s
, (.)

∂2µm
∂x2

=
µm
λ2
m

. (.)

The interface spin currents Eq. (.) provide the boundary conditions at the interface
to the ferromagnet, while all currents at the vacuum interface vanish. Eqs. (.) and
(.) lead to the interface spin current density j ints = gs

(
µintz −µintm

)
, where gs is defined

in Eq. (.).

Current transfer efficiency

The non-local resistance Rnl is the voltage over the detector divided by current in the
injector, also referred to as non-local spin Hall magnetoresistance (see below). The
magnon spin injection and detection can also be expressed in terms of the current
transfer efficiency η, i.e. the absolute value of the ratio between the currents in
the detector and injector strip [] when the detector circuit is shorted. η = Rnl/R0
for identical Pt contacts with resistance R0. In Fig. . we plot the calculated η
as a function of distance d between the contacts for a Pt thickness t = 10 nm and
parameters from Table .. η decays algebraically ∝ 1/d when d � λm, which implies
diffusion without relaxation, and exponentially for d � λm. The calculated order of
magnitude already agrees with experiments []. The η ′s in Ref. [] are three orders
of magnitude larger than ours due to their much weaker relaxation.

The origin of the small η lies partially in the inefficiency of the spin-Hall mediated
spin-charge conversion. The ratio between the spin accumulations in injector and
detector ηs = µdets /µ

inj
s is much larger than η and discussed in Sec. ...

Spin Hall magnetoresistance

The effective spin conductance gs governs the amount of spin transferred across the
interface between the normal metal and the magnetic insulator. While gs cannot be
extracted from measurements directly, it is related to the spin mixing conductance g↑↓

via Eq. (.). In order to determine g↑↓ we measured the spin Hall magnetoresistance
(SMR) [, ] in devices of Ref. []. The SMR is defined as the relative resistivity
change in the Pt contact between in-plane magnetization parallel and normal to the
current, ∆ρ/ρ. The expression for the magnitude of the SMR reads []

∆ρ

ρ
= θ2λs

t

2λsg
↑↓ tanh2 t

2λs

σe +2�sg↑↓ coth
t
λs

, (.)

where t = 13.5 nm is the platinum thickness. Figure . shows the experimental SMR
as a function of platinum strip width. As expected ∆ρ/ρ = (2.6± 0.09)× 10−4 does not
depend on the strip width. Using Eq. (.) and the values for λs, θ and σe as indicated
in Tab. ., we find g↑↓ = (1.6± 0.06)× 1014 S/m2, which agrees with previous reports
[, , ].

In Chen et al.’s zero-temperature theory [] the spin current generated by the
spin Hall effect in Pt is perfectly reflected when spin accumulation and magnetization
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λ
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λ
m

Figure .: The current transfer efficiency η (non-local resistance normalized by that of the metal
contacts) as a function of distance between the contacts in a Pt|YIG|Pt structure calculated in the D
model. Parameters are taken from Tab. . and the Pt thickness t = 10 nm. The dashed lines are plots
of the functions C1/d ( ) and C2 exp(−d/λm) ( ) to show the different modes of signal decay in
different regimes: diffusive 1/d decay for d < λm and exponential decay for d > λm. The constants C1
and C2 were chosen to show overlap with η for illustrative purposes, but have no physical meaning.

are collinear. As discussed above, at finite temperature a fraction of the spin current
is injected into the ferromagnet in the form of magnons. This implies that the SMR
should be a monotonously decreasing function of temperature. This has been found
for high temperatures [], but the decrease of the SMR at low temperatures [] hints
at a temperature dependence of other parameters such as the spin Hall angle.

The current transfer efficiency η can be interpreted as a non-local version of the
SMR [] The SMR is caused by the contrast in spin current absorption of the YIG|Pt
interface when the spin accumulation vector is normal or parallel to the magnetization
M . In the non-local geometry, we measure the voltage in contact  that has been
induced by a charge current (in the same direction) in contact . Since gs < g↑↓ the
relation

∣∣∣∆ρ/ρ
∣∣∣ ≥ η must hold even in the absence of losses in the ferromagnet and

detector. This indeed agrees with our data.

Interface transparency

The analytical expression for η in the one-dimensional geometry is lengthy and
omitted here, but it can be simplified for special cases. In the the limit of a large bulk
magnon spin resistance, the interface resistance can be disregarded. The decay of
the spin current is then dominated by the bulk spin resistance and relaxation of both
materials. When σm/λm,σe/λs � gs

η =
θ2λmσeσm

t
[
σ2
m +

(
λm
λs

)2
σ2
e

] sinh−1 d
λm

, (.)
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Figure .: Experimental spin Hall magnetoresistance (SMR) as a function of platinum strip width.
On the left axis ( ) the absolute resistance changes ∆RSMR divided by the device length ( µm) is
plotted, in units of Ω/m. The relative resistivity changes ∆ρ/ρ is shown on the right axis ( ).

where the Pt thickness is chosen t� λs and θ = σSH/σe is the spin Hall angle. When
d � λm we are in the purely diffusive regimewith algebraic decay η ∝ 1/d. Exponential
decay with characteristic length λm takes over when d � λm. In our experiments (see
Tab. .) σm ∼ σe and λm� λs, so

η =
θ2λ2

s σm
λmtσe

sinh−1
d
λm

. (.)

On the other hand, when σm/λm,σe/λs � gs the interfaces dominate and

η =
θ2g2s λ

2
s λm

tσeσm
sinh−1

d
λm

, (.)

with identical scaling with respect to d, but a different prefactor. According to
the parameters in Tab. . σm/λm � σe/λs � gs, so spin injection is limited by the
interfaces due to the small spin conductance between YIG and platinum.

.. Two-dimensional geometry

Experiments are carried out for Pt|YIG|Pt with a lateral (transverse) geometry in
which the platinum injector and detector are deposited on a YIG film. The two-
dimensional model sketched in Fig. . captures this configuration but cannot be
treated analytically. We therefore developed a finite-element implementation of our
spin diffusion theory by the COMSOL Multiphysics (version .a) software package,
extending the description of spin transport in metallic systems [] to magnetic
insulators.

The finite-element simulations of the spin Seebeck [] and spin Peltier [] effects in
Pt|YIG focused on heat transport and were based on a magnon temperature diffusion
model. Here we find that neglecting the magnon chemical potential underestimates
spin transport by orders of magnitude, because the magnon temperature equilibrates
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Figure .: Schematic of the D geometry. The relevant dimensions are indicated in the figure. The
spin accumulation arising from the charge current through the injector, µs , is used as a boundary
condition on the YIG|Pt interface. The interface layer is used to account for the effect of finite spin
mixing conductance between YIG and platinum.

at a length scale λmp of a few nanometers and the magnon heat capacity and heat
conductivity are small []. The magnon chemical potential and the associated non-
equilibrium magnons, on the other hand, diffuse on the much longer length scale
λm.

In order to model the experiments in two dimensions, we assume translational
invariance in the third direction, which is justified by the large aspect ratio of relatively
small contact distances compared with their length. With equal magnon and phonon
temperatures everywhere, the magnon transport in two dimensions is governed by

2e
�
jm = −σm∇µm ,

∇2µm =
µm
λ2
m

, (.)

where ∇ = x∂x + z∂z.
The particle spin current js = (jxx, jzx) in the metal is described by

2e
�
js = −

σe
2
∇µx ,

∇2µx =
µx
λ2
s
, (.)

where µx is the x-component of the electron spin accumulation. The spin-charge
coupling via the spin Hall effect is implemented by the boundary conditions in
Sec. .., while the inverse spin Hall effect is accounted for in the calculation of the
detector voltage, see Sec. ..). The estimates at the end of the previous section justify
disregarding temperature effects.

Geometry

In order to accurately model the experiments, we define two detectors (left and right)
and a central injector, introducing the distances dleft and dright as in Fig. .. We
generate a short (A) and a long distance (B) geometry. The injector and detectors are
slightly different as summarized in table .. The YIG film thicknesses are 200 nm
for (A) and 210 nm for (B). The YIG film is chosen to be long compared to the spin
diffusion length (wYIG = 150 µm) in order to prevent finite-size artifacts.
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Pt width Pt thickness Distances

w (nm) t (nm) d (µm)

Geometry A 140 13.5 0.2− 5

Geometry B 300 7 2− 42.5

Table .: Properties of geometry sets A and B.

Boundary conditions

Sending a charge current density jc in the +y-direction through the platinum injector
strip generates a spin accumulation µs at the YIG|platinum interface by the spin
Hall effect (shown in Fig. .). This is captured by Eqs. (.) that predict a spin
accumulation at the Pt side of the interface of []

µs ≡ µx
∣∣∣
interface

= 2θjc
λs

σe
tanh

(
t

2λs

)
, (.)

which is used for the interface boundary condition of the magnon diffusion equation.
Here, we assume that the contact with the YIG does not significantly affect the spin
accumulation [], which is allowed for the collinear configuration since gs < σe/λs.
The spin orientation of µs points along −x, parallel to the YIG magnetization. A charge
current I = 100 µA generates spin accumulations in the injector contact of µAs = 9.6 µV
and µBs = 7.7 µV for geometries A and B, respectively.

The uncovered YIG surface is subject to a zero current boundary condition (∇ ·n)µs =
0, where n is the surface normal.

The YIG|Pt interface

The interface spin conductance gs is modeled by a thin interface layer, leading to a spin
current j ints = −σ int

s ∂µx/∂z, with spin conductivity σ int
s = gstint. When the interface

thickness tint is small compared to the platinum thickness tPt we can accurately
model the Pt|YIG interface without having to change the COMSOL code. Varying
the auxiliary interface layer thickness between 0.5 < tint < 2.5 nm, the spin currents
change by only 0.1%. This is expected because the increased interface layer thickness
is compensated by the reduced resistivity of the interface material such that the
resistance remains constant. In the following we adopt tint = 1.0 nm. Finally, with
Eq. (.) gs = 0.06g↑↓ and g↑↓ from Sec. .. we get gs = 9.6× 1012 S/m2.

Magnon chemical potential profile

A representative computed magnon chemical potential map is shown in Fig. .(a),
while different profiles along the three indicated cuts are plotted in Fig. .(b)-(d).
The magnon chemical potential along x and at z = −1 nm (i.e.  nm below the surface
of the YIG) in Fig. .(b) is characterized by the spin injection by the center electrode.
Globally, µm decays exponentially with distance from the injector on the scale of λm.
We also observe that the left and right detector contacts at x = −200 nm and x = 300
nm, respectively, act as sinks that visibly suppress but do not quench the magnon
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accumulation. The finite mixing conductance and therefore magnon absorption are
also evident from the profiles along z in Figs. .(c) and .(d): The magnon chemical
potential changes abruptly across the YIG|Pt interface by the relatively large interface
resistance g−1s . The magnon chemical potential is much smaller than the magnon gap
(∼ 1 K). We are therefore far from the threshold for current-driven instabilities such
as magnon condensation and/or self-oscillations of the magnetization [].

μ
m

 (
μ

V
)

0

5

9

1

2

3

4

6

7

8

−15 −10 −5 0 5 10 15
0

2

4

6

8

x (µm)

µ
m

 (
µ

V
)

Linecut along x

−200 −100 0
0

5

10

z (nm)

µ
m

 (
µ

V
)

Injector linecut

−200 −100 0
0

1

2

3

z (nm)

µ
m

 (
µ

V
)

Left detector linecut

a

b

c d

x (nm)
0-200 400-400 200

z (n
m

)

-200

0
15

2
1

3

Figure .: (a) Two-dimensional magnon chemical potential distribution for geometry (A) with
dleft = 200 nm and dright = 300 nm. The lines numbered ,, indicate the locations of the profiles
plotted in figures (b),(c),(d), respectively. In (b) we observe a maximum µm for x = 0, i.e. under
the injector, followed by a sharp decrease close to the detectors located at x = −200 and x = 300 nm
because the Pt contacts are efficient (but not ideal) spin sinks. On the outer sides of the detectors µm
partially recovers with distance and finally decays exponentially on the length scale λm.
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Detector contact and non-local resistance

The spin current density in the detectors is governed by the spin accumulation accord-
ing to

〈
jzx

〉
= − σe

2A

∫

A

∂µx
∂z

dA′ , (.)

which is an average over the detector area A = wt. The observable non-local resistance
Rnl (normalized to device length) in units of Ω/m

Rnl =
θ
〈
jzx

〉
σeI

. (.)

is compared with experiments in the next section.

.. Comparison with experiments

ba

Figure .: (a) Computed non-local first harmonic signal as a function of distance on a linear scale.
The ’s show the results for sample (A), while ’s represent sample (B). The ’s are the experimental
results []. A 1/d fit of the numerical results for (A) is shown as . (b) Same as (a) but on a
logarithmic scale.

Two-dimensional model

Fig. . compares the simulations as described in the previous section with our
experiments []. Fig. .(a) is a linear plot for closely spaced Pt contacts while
Fig. .(b) shows the results for all contact distances on a logarithmic scale. The
magnon spin conductivity σm and the magnon spin diffusion length λm are adjustable
parameters; all others are listed in Table. .. We adopted σm = 5 × 105 S/m and
λm = 9.4 µm as the best fit values that agree with the estimates in Ref. [] and Sec. ...

At large contact separations in geometry (B), the signal is more sensitive to the
bulk parameters λm and σm than the interface gs. When contacts are close to each
other, the interfaces become more important and the results depend sensitively on
gs and σm as compared to λm. For very close contacts (d < 500 nm) the total spin
resistance of YIG is dominated by the interface and our model calculations slightly
underestimate the experimental signal and, in contrast to experiments, deviate from
the ∼ d−1 fit that might indicate an underestimated gs. However, a larger gs would
lead to deviations at intermediate distances (1 < d < 5 µm).
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Spin transfer efficiency and equivalent circuit model

The spin transfer efficiency ηs = µdets /µ
inj
s , i.e. the ratio between the spin accumulation

in the injector and that in the detector, can be readily derived from the experiments by
Eq. (.). From the voltage generated in the detector by the inverse spin Hall effect
VISHE []

µdets =
2t
θL

1+ e−2t/λs

(
1− e−t/λs

)2VISHE, (.)

where l is the length of the metal contact. The spin transfer efficiency therefore reads

ηs =
t

λsθ2
Rnl

Rdet

(
et/λs +1

)(
e2t/λs +1

)
(
et/λs − 1

)3 , (.)

where Rnl = VISHE/I is the observed non-local resistance and Rdet the detector resis-
tance.
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Figure .: (a) Experimental and simulated spin transfer efficiency ηs = µdets /µ
inj
s . A fit to the

D spin diffusion model [] is shown as . Since here interfaces are disregarded µdets → µ
inj
s for

vanishing contact distances. The results from the equivalent circuit model in (b) with spin resistances
Rs
X as defined in the text are plotted as . This circuit model includes gs but is valid for d < λm only

since spin relaxation is disregarded. The interfaces lead to a saturation of ηs at short distances.
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Figure .a shows the experimental data converted to the spin transfer efficiency
as a function of distance d that is fitted to a D magnon spin diffusion model that
does not include the interfaces []. When d → 0 and interfaces are disregarded,
ηs diverges. This artifact can be repaired by the equivalent spin-resistor circuit in
Fig. .(b) according to which

ηs =
Rs
Pt

Rs
YIG + 2Rs

int + 2RPt
s
, (.)

where Rs
Pt = λs/ (σAint tanh(t/λs)) is the spin resistance of the platinum strip [],

Rs
int = 1/(gsAint) is interface spin resistance and Rs

YIG = d/ (σmAYIG) is the magnonic
spin resistance of YIG. AYIG = ltYIG is the cross-section of the YIG channel and
Aint = wl is the area of the Pt|YIG interfaces. The parameters in Tab. . lead to the
red dashed line in Fig. .(a), which agrees well with the experimental data for d < λm.
No free parameters were used in this model, since we adopted σm = 5× 105 S/m as
extracted from our D model in the previous section.

The model predicts that the spin transfer efficiency should saturate for d � 100 nm
for gs = 9.6×1012 S/m2. A predicted onset of saturation at  nm is not confirmed by
the experiments, which as pointed out already in the previous section, could imply a
larger gs. Experiments on samples with even closer contacts are difficult but desirable.
Based on the available data we predict that the efficiency saturates at ηs = 4×10−3. The
charge transfer efficiency (defined in Sec. ..) would be maximized at η ≈ 5× 10−5,
which is still below the SMR ∆ρ/ρ = 2.6× 10−4, as predicted in Sec. ...

Magnon temperature model

We can analyze the experiments also in terms of magnon temperature diffusion []
as applied to the spin Seebeck [, ] and spin Peltier [] effects. Communication
between the platinum injector and detector is possible via phonon and magnon heat
transport: The spin accumulation at the injector can heat or cool the magnon/phonon
system by the spin Peltier effect. The diffusive heat current generates a voltage at
the detector by the spin Seebeck effect. However, pure phononic heat transport
does not stroke with the exponential scaling, but decays only logarithmically (see
below). The magnon temperature model (which describes the magnons in terms of
their temperature only) can give an exponential scaling, but in order to agree with
experiments, the magnon-phonon relaxation length must be large such that Tm � Tp
over large distances. This is at odds with the analysis by Schreier et al. and Flipse
et al.. However, we can test this model by, for the sake of argument, increasing this
length scale by four orders of magnitude to: λmp = 9.4 µm and completely disregard

the magnon chemical potential. The spin Peltier heat current Qinj
SPE is then []

Q
inj
SPE = LsT

µ
inj
s

2
Aint, (.)

where Ls is the interface spin Seebeck coefficient, Ls = 2g↑↓γ�kB/(eMsΛ
3) [, , ],

and Ms = µBS/a
3 is the saturation magnetization of YIG.

The equivalent circuit is based on the spin Peltier heat current and the spin thermal
resistances of the YIG|Pt interfaces and the YIG channel. This allows us to find Tm−e,
the temperature difference between magnons and electrons at the detector interface,
which is the driving force for the SSE in this model. The equivalent thermal resistance
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Figure .: (a) Results of the thermal model for κm = 10−2 W/(mK) ( ), κm = 10−1 W/(mK) ( )
and κm = 1 W/(mK) ( ). Plotted on the y-axis is the spin transfer efficiency resulting from the

thermal model, ηth = µdets /µ
inj
s . The ’s represent the experimental data. (b) The equivalent thermal

resistance model. The definitions of the thermal resistances used in the model are given in the main
text. At the thermal grounds in the circuit, the temperature difference between magnons and electrons
(Tm−e) is zero.

circuit is shown in Fig. .(b). Relaxation is disregarded, so the model is only valid for
d < λmp. The interface magnetic heat resistance is given by Rth

int = 1/(κI
sAint), with κI

s
equal to [, , ]

κI
s =

h

e2
kBT
�

µBkBg
↑↓

πMsΛ3 , (.)

and where µB is the Bohr magneton. The YIG heat resistance Rth
YIG = d/(κmAYIG) and

from the thermal circuit model we find that Tm−e =Q
inj
SPE

(
Rth
int

)2
/
(
Rth
int +Rth

YIG

)
, which

generates a spin accumulation in the detector by the spin Seebeck effect

µdets = Tm−e
g↑↓γ�kB
πMsΛ3

4π
e

λs

σ
tanh

(
t

2λs

)
1+ e−2t/λs

(
1− e−t/λs

)2 . (.)

The thus obtained spin transfer efficiency ηth is plotted in Fig. .(a) as a function
of the magnon spin conductivity κm. For κm ∼ 0.1− 1 W/(mK) reasonable agreement
with the experimental data can be achieved. While Schreier et al. argued that κm
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should be in the range 10−2 − 10−3 W/(mK)), κm from Tab. . is also of the order of 
W/(mK) at room temperature. Hence, the magnon temperature model can describe
the non-local experiments, provided that the magnon-phonon relaxation length λmp
is large. However, from the expression for λmp that we gave in Tab. . we find that
λmp ∼ 10 µm corresponds to τmp ≈ τmr ∼ 1 ns and κm ∼ 104 W/(mK), which is at least
three orders of magnitude larger than even the total YIG heat conductivity, and is
clearly unrealistic. Thus, requiring λmp ∼ 10 µm while maintaining κm ∼ 1 W/(mK) is
inconsistent. Also, an λmp of the order of nanometers as reported by Schreier et al.
and Flipse et al. is difficult to reconcile with the observed length scale of the order of
 µm.

Up to now we disregarded phononic heat transport. As argued, the interaction
of phonons with magnons in the spin channel is weak, but the energy transfer can
be efficient. The spin Peltier effect at the contact generates a magnon heat current
that decays on the length scale λmp, heating up the phonons that subsequently diffuse
to the detector, where they cause a spin Seebeck effect. The magnon system is in
equilibrium except at distances from injector and detector on the scale λmp that we
argued to be short. In this scenario there is no non-local magnon transport in the bulk
at all, but injector and detector communicate by pure phonon heat transport. However,
this mechanism does not explain the exponential decay of the non-local signal: the
diffusive heat current emitted by a line source, taking into account that the GGG
substrate has a heat conductivity close to that of YIG [], decays only logarithmically
as a function of distance.

.. Longitudinal spin Seebeck effect

The spin Seebeck effect is usually measured in the longitudinal configuration, i.e.
samples with a YIG film grown on gadolinium gallium garnet (GGG) and a Pt top
contact. Longitudinal spin Seebeck measurements are hence local measurements, as
opposed to the non-local experiments we have discussed in the preceding sections.
However, in the longitudinal configuration our one-dimensional model [] is still
applicable. A recent study extracted the length scale of the longitudinal spin Seebeck
effect from experiments on samples with various YIG film thicknesses []. A length
of the order of  µm was found. Similar results were obtained by Kikkawa et al. [].

We assume a constant gradient (TL−TR)/d < 0,where TL,TR are the temperatures at
the interfaces of YIG to GGG,platinum, respectively, with Tm everywhere equilibrated
to Tp, and disregard the Kapitza heat resistance, cf. Fig. .(a). At the YIG|GGG
interface the spin current vanishes. Figs. . illustrate the magnon chemical potential
profile on the YIG thickness d as well as the transparency of the Pt|YIG interface
for four limiting cases, i.e. for opaque (gs < σm/λm) and transparent (gs > σm/λm)
interfaces and a thick (d > λm) and a thin (d < λm) YIG film, in which analytic results
can be derived.

We define a spin Seebeck coefficient as the normalized inverse spin Hall voltage
VISHE/ty in the platinum film of length ty divided by the temperature gradient ∆T /d,
with ∆T = TL −TR and average temperature T0:

σSSE =
dVISHE

ty∆T
. (.)

Assuming that the Pt spin diffusion length λs is much shorter than its film thickness
t we find the analytic expression
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Figure .: Magnon chemical potential µm under the spin Seebeck effect for a linear temperature
gradient in YIG, in the limit of: (a) an opaque interface and thick YIG, (b) an opaque interface and
thin YIG, (c) a transparent interface and thick YIG and (d) a transparent interface and thin YIG. In
all four cases, µm changes sign somewhere in the YIG. For higher interface transparency (larger gs),
the zero point shifts closer to the Pt|YIG interface.

σSSE =
gsλsλmLθ

[
cosh d

λm
− 1

]

tσeT0
[
gsλm cosh d

λm
+σm

(
1+ 2gsλs

σe

)
sinh d

λm

] . (.)

In Fig. . σSSE is plotted as a function of the relative thickness d/λm of the magnetic
insulator in the transport direction, Pt thickness of t = 10 nm and T0 = 300 K. We
adopt L from Table . and a relaxation time τ ∼ τmp ∼ 0.1 ps and the parameters
from Tab. .. The normalized spin Seebeck coefficient saturates as a function of d
on the scale of the magnon spin diffusion length λm. While experiments at T0 ≤ 250K
report somewhat smaller length scales than our λm, our saturation σSSE ∼ 0.1−1 µV/K
is of the same order as the experiments [].

In the limit of an opaque interface, σSSE saturates to

σSSE(d � λm) =
gsλsλmLθ

tT0σeσm
=
(
gsλs

σe

)(λm

t

) αµθkB
e

, (.)

in terms of the dimensionless ratio αµ from Eq. (.).
For a transparent interface with λm � λs and σm ∼ σe, the result is governed by

bulk parameters only:

σSSE(d→∞) =
λsLθ
tT0σe

. (.)

This model for the spin Seebeck effect is oversimplified by assuming a vanishing
magnon-phonon relaxation length and disregarding interface heat resistances. The
gradient in the phonon temperature can give rise to a spin Seebeck voltage [] even



4

 . magnon spin transport driven by µm

0 2 4 6 8 10

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

σ
S

S
E

 (μ
V

/K
)

d/λm

Figure .: Normalized spin Seebeck coefficient as a function of the thickness of the magnetic
insulator in the direction of the temperature gradient. Parameters taken are from Tab. ., together
with a Pt thickness of t = 10 nm and temperature of 300 K. The value for the bulk spin Seebeck
coefficient L is taken from the expression in Tab. . with τ = 0.1 ps.

when bulk magnon spin transport is frozen out by a large magnetic field. Nevertheless,
it is remarkable that it gives a reasonable qualitative description for the spin Seebeck
effect with input parameters adapted for electrically-driven magnon transport. We
conclude that also in the description of the spin Seebeck effect the magnon chemical
potential can play a crucial role.

. conclusions

We presented a diffusion theory for magnon spin and heat transport in magnetic
insulators actuated by metallic contacts. In contrast to previous models, we focus
on the magnon chemical potential. This is an essential ingredient because under
ambient conditions λm > λmp, i.e., the magnon chemical potential relaxes over much
larger length scales than the magnon temperature. We compare theoretical results for
electrical magnon injection and detection with non-local transport experiments on
YIG|Pt structures [], for both a D analytical and a D finite-element model.

In the Dmodel we study the relevance of interface- vs. bulk-limited transport and
find that, for the materials and conditions considered, the interface spin resistance
dominates. For the limiting cases of transparent and opaque interfaces the spin
transfer efficiency η decays algebraically ∝ 1/d as a function of injector-detector
distance d when d < λm, and exponentially with a characteristic length λm for d > λm.

A D finite element model for the actual sample configurations can be fitted well
to the experiments for different contact distances, leading to a magnon conductivity
σm = 5× 105 S/m and diffusion length �m = 9.4 µm.

The experiments measure first and second order harmonic signals that are at-
tributed to electrical magnon spin injection/detection and thermal generation of
magnons by Joule heating with spin Seebeck effect detection, respectively. Here, we
focus on the linear response that we argue to be dominated by the diffusion of a
magnon accumulation governed by the chemical potential, rather than the magnon
temperature. However, we applied our theory also to the standard longitudinal (local)
spin Seebeck geometry. We find the same length scale λm and a (normalized) spin
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Seebeck coefficient of σSSE ∼ 0.1− 1 µV/K for d � λm, which is of the same order of
magnitude as the observations [].

. appendix

Here we derive our magnon transport theory from the linearized Boltzmann equation
in the relaxation time approximation, thereby introducing and estimating the different
collision times.

.. Boltzmann equation

Eqs. (.,.,.) are based on the Boltzmann equation for the magnon distribution
function f (x,k, t):

∂f

∂t
+
∂f

∂x
· ∂ωk

∂k
= Γin[f ]− Γout[f ] , (.)

where Γin = Γinel + Γinmr + Γinmp + Γinmm and Γout = Γoutel + Γoutmr + Γoutmp + Γoutmm are the total rates
of scattering into and out of a magnon state with wave vector k, respectively. The
subscripts refer to elastic magnon scattering at defects, magnon relaxation by magnon-
phonon interaction that do not conserve magnon number, magnon-conserving in-
elastic and elastic magnon-phonon interactions, and magnon number and energy-
conserving magnon-magnon interactions. We discuss them in the following for an
isotropic magnetic insulator and in the limit of small magnon and phonon numbers.

The elastic magnon scattering is given by Fermi’s Golden rule as

Γoutel =
2π
�

∑

k′

∣∣∣V el
kk′

∣∣∣2 δ(�ωk − �ωk′ )f (k, t) , (.)

where V el
kk′ is the matrix element for scattering by defects and rough boundaries

[, ] of a magnon with momentum �k to one with �k′ at the same energy. Γinel is
obtained from this expression by interchanging k and k′. In the presence of the in-
scattering term (vertex correction) Γinel the Boltzmann equation is an integrodifferential
rather than a simple differential equation.

Gilbert damping parametrizes the magnon dissipation into the phonon bath. Ac-
cording to the linearized Landau-Lifshitz-Gilbert equation []

Γoutmr = 2αGωkf (k, t). (.)

Since the phonons are assumed to be at thermal equilibrium with temperature Tp , Γinmr

is obtained by substituting f (k, t)→ nB
(
�ωk/kBTp

)
in Γoutmr .

Magnon-conserving magnon-phonon interactions with matrix elements Vmp
kk′q gen-

erate the out-scattering rate

Γoutmp =
2π
�

∑

k′ ,q

∣∣∣∣Vmp
kk′q

∣∣∣∣
2
δ(�ωk − �ωk′ − εq)

× f (k, t)((1 + f (k′ , t))
[
1+nB

(
εq

kBTp

)]
, (.)
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where εq = �c|q| is the acoustic phonon dispersion with sound velocity c and momen-
tum q. The “in” scattering rate

Γinmp =
2π
�

∑

k′ ,q

∣∣∣∣Vmp
kk′q

∣∣∣∣
2
δ(�ωk − �ωk′ − εq)

× f (k′ , t)((1 + f (k, t))nB

(
εq

kBTp

)
. (.)

Finally, the four-magnon interactions (two magnons in, two magnons out) generate

Γoutmm =
2π
�

∑

k′ ,k′′ ,k′′′

∣∣∣Vmm
k+k′ ,k−k′ ,k′′−k′′′

∣∣∣2

× δ(�ωk + �ωk′ − �ωk′′ − �ωk′′′ )δ(k+k′ −k′′ −k′′′)
× f (k, t)f (k′ , t)[1 + f (k′′ , t)][1 + f (k′′′ , t)] , (.)

while Γinmm follows by exchanging k k′′ , and k′ and k′′′ . Disregarding umklapp scatter-
ing, the magnon-magnon interactions conserve linear and angular momentum. Vmm

therefore depends only on the center-of-mass momentum and the relative magnon mo-
menta before and after the collision, which implies that Γmm does not affect transport
directly (analogous to the role of electron-electron interactions in electric conduction).

The collision rates govern the energy and momentum-dependent collision times
τa(k,�ω) (with a ∈ {el,mr,mp,mm}). These are defined from the “out” rates via

1
τa(k,�ω)

=
Γouta

f (k, t)
, (.)

replacing f → nB(�ωk/kBTp) and �ωk with �ω where phonons are involved. Here we
are interested mainly in thermal magnons for which the relevant collision times are
evaluated at energy �ω = kBT andmomentum k =Λ−1. Then 1/τmr ∼ αGkBT /�. Elastic
magnon scattering can be parametrized by a mean-free-path 	el = τel(k,�ω)∂ωk/∂k,
and therefore 1/τel(k,�ω) = 2	−1el

√
Jsω/� or τel = 	el/vm, where vm = 2

√
Jsω/� is the

magnon group velocity. Estimates for 	el range from  µm [] under the assumption
that λm is due to Gilbert damping and disorder only, to 500 µm []. Therefore
τel ∼ 10− 105 ps. Since we deduce in the main text that at room temperature τmp is
one to two orders of magnitude smaller than this τel, we completely disregard elastic
two-magnon scattering in the comparison with experiments.

We adopt the relaxation time approximation in which the scattering terms read

Γ[f ] =
1
τel

[
f −nB

(
�ωk −µm
kBTm

)]

+
1
τmr

[
f −nB

(
�ωk

kBTp

)]

+
1

τmp

[
f −nB

(
�ωk −µm
kBTp

)]

+
1

τmm

[
f −nB

(
�ωk −µm
kBTm

)]
. (.)
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The distribution functions here are chosen such that the elastic scattering processes
stop when f approaches the Bose-Einstein distribution with local chemical potential
µm � 0, in contrast to the inelastic scattering that cause relaxation to thermal equi-
librium with the lattice and µm = 0. Similarly, the temperatures Tp vs. Tm are chosen
to express that the scattering exchanges energy with the phonons or keeps it in the
magnon system, respectively.

The Boltzmann equation may be linearized in terms of the small perturbations, i.e.
the gradients of temperature and chemical potential. The local momentum space shift
δf of the magnon distribution function

δf (x,k) = τ
∂nB

(
�ωk
kBTp

)

∂�ωk

∂ωk

∂k
·
(
∇xµm + �ωk

∇xTm
Tp

)
, (.)

where 1/τ = 1/τmr + 1/τmp. The magnon spin and heat currents Eq. (.) are obtained
by substituting δf into

jm = �

∫
dk

(2π)3
δf (k)

∂ωk

∂k
, (.)

jQ,m =
∫

dk

(2π)3
δf (k)�ωk

∂ωk

∂k
. (.)

The magnon spin and heat diffusion Eqs. (.) are obtained by a momentum
integral of the Boltzmann equation (.) after multiplying by � and �ωk, respectively.
The local distribution function in the collision terms consists of the sum of the “drift”
term δf and the Bose-Einstein distribution with local temperature and chemical
potential

f (k, t) = δf +nB((�ωk −µm(x))/kBTm(x))) (.)

We reiterate that the relatively efficient magnon conserving τm limits the energy, but
not (directly) the spin diffusion.

.. Magnon-magnon scattering rate

The four-magnon scattering rate is believed to efficiently thermalize the local magnon
distribution to the Bose-Einstein form [, ]. At room temperature the leading-order
correction to the exchange interaction in the presence of magnetization textures reads

Hxc = −
Js
2s

∫
dxs(x) · ∇2s(x) , (.)

where s(x) (s = |s| = S/a3) is the spin density. By the Holstein-Primakoff transformation

the spin lowering operator reads ŝ− = sx − isy =
√
2s − ψ̂†ψ̂ψ̂ �

√
2sψ̂ − ψ̂†ψ̂ψ̂/2

√
2s

in terms of the bosonic creation (ψ̂†) and annihilation (ψ̂) operators. Hxc can be
approximated as a four-particle point-like interaction term

Hmm ≈ g

∫
dxψ̂†ψ̂†ψ̂ψ̂ , (.)

where g ∼ kBT /s is the exchange interaction strength at thermal energies. Using
Fermi’s Golden Rule for this interaction yields collision terms as Eq. (.) with
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Vmm ≈ g :

1
τmm(k,�ω)

≈
g2

�

∑

k′ ,k′′ ,k′′′
δ(�ωk + �ωk′ − �ωk′′ − �ωk′′′ )

× δ(k+k′ −k′′ −k′′′)×nB
(
�ωk′

kBTp

)

[
1+nB

(
�ωk′′

kBTp

)][
1+nB

(
�ωk′′′

kBTp

)]
. (.)

The momentum integrals can be estimated for thermal magnons with k = Λ−1 and
�ω = kBT and

1
τmm

≈
g2

Λ6
kBT
�
≈
(
T
Tc

)3
kBT
�

, (.)

with Curie temperature kBTc ≈ Jss
2/3. With parameters for YIG Jss

2/3/kB ≈ 200 K,
which is the correct order of magnitude. The T 4 scaling of the four-magnon interaction
rate results from the combined effects of the magnon density of states (magnon
scattering phase space) and energy-dependence of the exchange interactions.

While the magnon-magnon scattering is efficient at thermal energies, it becomes
slow at low energies close to the band edge due to phase space restrictions and leads
to deviations from the Bose-Einstein distribution functions that may be disregarded
at room temperature.

.. Magnon-conserving magnon-phonon interactions

At thermal energies and large wave numbers the magnon-conserving magnon-phonon
scattering [] is dominated by the dependence of the exchange interaction on lattice
distortions rather than magneto-crystalline fields. Since we estimate orders of magni-
tude, we disregard phonon polarization and the tensor character of the magnetoelastic
interaction and start from the Hamiltonian

Hmp = −B
s

∫
dxs(x) · ∇2s(x)


∑

α∈{x,y,z}

∂R
∂xα

 , (.)

where B is a magnetoelastic constant. The scalar lattice displacement field R can be
expressed in the phonon creation and annihilation operators φ̂† and φ̂ as

R =

√
�2

2ρε

[
φ̂ + φ̂†

]
, (.)

where ε is the phonon energy and ρ the mass density. By the Holstein-Primakoff
transformation introduced in the previous section we find to leading order

Hmp ≈ B

∫
dx

(
∇ψ̂†

)
·
(
∇ψ̂

)( �2
ρε

)
∑

α∈{x,y,z}

∂φ̂

∂xα

+h.c. (.)

This Hamiltonian is the scattering potential in the matrix elements of Eq. (.)
∣∣∣∣Vmp

kk′q

∣∣∣∣
2
≈

B2�2q2

ρεq
(k ·k′)2 δ(k−k′ −q) (.)
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which by substitution and in the limit Λ � Λp, where Λp = �c/kBTp is the phonon
thermal de Broglie wavelength, leads to

1
τmp
∼ B2

�ρ

(
�

kBT

)2 1

Λ4Λ5
p
, (.)

In the opposite limit Λ�Λp

1
τmp
∼ B2

�ρ

(
�

kBT

)2 1

Λ7Λ2
p
. (.)

At room temperature Λ ≈ Λp and for ρa3 = 10−24 kg both expressions lead to τmp =
10(Js/B)2 ns []. We could not find estimates of B for YIG in the literature. In iron,
exchange interactions change by a factor of two upon small lattice distortion ∆a� a
[]. While the authors of this latter work find that this does not strongly affect
the Curie temperature, it leads to fast magnon-phonon scattering as we show now.
Namely, B ∼ a ∂Js/∂∆a|∆a=0 ≈ aJs/∆a, so that τmp = 10(∆a/a)2ns, which is many orders
of magnitude smaller than one ns (and thus smaller than τmr at room temperature).
While no proof, this argument supports our hypothesis that the magnon temperature
relaxation length is much shorter than that of the magnon chemical potential.
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5
MAGNETIC FIELD DEPENDENCE OF THE
MAGNON SPIN DIFFUSION LENGTH

ABSTRACT

We investigated the effect of an external magnetic field on the diffusive spin transport
by magnons in the magnetic insulator Y3Fe5O12 (YIG), using a non-local magnon
transport measurement geometry. We observed a decrease in magnon spin diffusion
length λm for increasing field strengths, where λm is reduced from (9.6± 1.2) µm at
10mT to (4.2± 0.6) µm at 3.5T at room temperature. In addition, we find that there
must be at least one additional transport parameter that depends on the external
magnetic field. Our results do not allow us to unambiguously determine whether this
is the magnon equilibrium density or the magnon diffusion constant. These results
are significant for experiments in the more conventional longitudinal spin Seebeck
geometry, since the magnon spin diffusion length sets the length scale for the spin
Seebeck effect as well and is relevant for its understanding.

Published as: L.J. Cornelissen and B.J. van Wees, Magnetic field dependence of the magnon spin diffusion
length in the magnetic insulator yttrium iron garnet, Phys. Rev. B , (R) ().
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. introduction

The magnetic insulator yttrium iron garnet (YIG) provides an ideal platform for the
study of spin waves [], due to its low magnetic damping [] and the fact that no
electronic currents can flow in this material. It has been shown that spin waves in the
GHz regime can be transported through YIG waveguides over large distances [, ].
Recently, research efforts are also directed to the high-frequency part of the spin wave
spectrum, studying the diffusive transport of quantized spin waves (magnons). This
has been largely motivated by the observation of the spin Seebeck effect (SSE) in YIG
by Uchida et al. [], in which a magnon current is generated by applying a temperature
gradient over the magnetic insulator. This temperature gradient results in excitation
and diffusion of thermal magnons, which can result in thermal spin pumping when
the magnetic insulator is coupled to a normal metal layer []. Very recently it has been
shown that these thermal magnons can also be excited electrically, and can transport
spin through YIG. Their transport can be described diffusively, characterized by the
magnon spin diffusion length λm, the length scale over which the magnon spin current
decays exponentially [].

The SSE in YIG has been studied extensively, both theoretically [, –] and
experimentally [–]. Recent experiments show that the voltage resulting from the
SSE is reduced upon increasing the external magnetic field [, , ]. A mechanism
in which low-frequency magnons contribute more to the SSE than high-frequency ones
has been proposed to explain these results. The magnetic field will open a Zeeman
gap in the magnon density of states, thus ’freezing out’ the low-frequency magnons
with energies below the gap. This could then cause the reduction in SSE signal.

In this chapter we investigate the effect of the applied magnetic field on the
diffusive transport of magnon spins. We employ the non-local measurement geometry
in which we measure the magnon spin signal as a function of distance, which allows
us to directly extract the magnon spin diffusion length for various magnetic field
strengths. The main advantage of this method is that the locations of both magnon
injection and detection are well determined, due to the localized magnon injection
and detection resulting from the exchange interaction between a spin accumulation in
the platinum injector/detector and magnons in the YIG. This means that the distance
over which the magnon spin current diffuses is known precisely. Our results clearly
indicate that the magnon spin diffusion length decreases for increasing magnetic field
strength, causing a strong reduction of the magnon spin signal.

. sample preparation

The measurement geometry is shown schematically in Fig. . and is equivalent to the
non-local geometry we developed in Ref. []. The platinum injector and detector are
placed a distance d apart. We measured two series of samples, series A and series B,
tailored to performmeasurements in the short (d ∼ .-5 µm) and long (d ∼ .-30µm)
separation distance regime, respectively. Our samples consist of a () single crystal
Y3Fe5O12 film with a thickness of 200nm (series A) or 210nm (series B) grown on
a 500µm µm thick () Gd3Ga5O12 substrate by liquid-phase epitaxy. The YIG
samples were provided by the Université de Bretagne Occidentale in Brest, France
(series A) and obtained commercially from Matesy GmbH (series B). We define the
platinum injector and detector strips on top of the YIG film using three steps of
electron beam lithography. The first step results in a pattern of Ti/Au markers, used
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to align the following steps. In the second step, we define the platinum injector and
detector, which are deposited by DC sputtering in an Ar+ plasma. The platinum
thickness is approximately 13.5 and 7nm, for series A and B respectively. In the
final step we define Ti/Au (/75nm) contacts and bonding pads using electron beam
evaporation. Prior to the titanium evaporation, argon ion milling was performed to
remove polymer residues from the platinum strips. The platinum injector and detector
dimensions are wA = 100 − 150nm, wB = 300nm, LA = 12.5µm and LB =100µm,
where w and L denote strip width and length, respectively.

YIG
GGG

Ti/Au
Pt

H I

V

+

-

α

x y

Figure .: Schematic of our typical device geometry. The platinum injector and detector strips are
contacted by Ti/Au leads, and current (I) and voltage (V ) connections are indicated. The magnetic
field is rotated in the xy-plane (the plane of the sample surface), making an angle α with the negative
y-axis.

. results

We perform a non-local measurement by applying a current I (typically Irms = 200µA)
to the injector. Due to the spin Hall effect (SHE), this generates a spin current towards
the YIG, resulting in a spin accumulation at the YIG|Pt interface. Depending on the
orientation of the spin accumulation with respect to the YIG magnetization, magnons
will be generated in the YIG. These magnons will diffuse to the detector, where they
are absorbed and generate a spin current into the YIG, which by virtue of the inverse
spin Hall effect will be converted to a charge voltage V (in an open circuit geometry),
as shown in Refs. [, ]. The non-local resistance is now defined as Rnω = V /In and
is a measure for the magnitude of the magnon spin current between injector and
detector. Using a lock-in detection technique [], we are able to separately detect
the first harmonic (n = 1) and second harmonic (n = 2) response of the sample to our
excitation frequency ω = 2πf , allowing us to separately probe the physics of magnons
that are excited electrically [, ] and thermally [, ], respectively.

We then rotate the sample in an external field, thereby varying the angle between
the YIG magnetization and the spin accumulation in the injector. When α = 0°, the
magnetization is parallel to the charge current in the injector, hence perpendicular
to the spin accumulation and no magnons are excited or detected. When α = ±90°,
spin accumulation and magnetization are collinear and the magnon generation and
detection efficiency is maximal. The magnitude of the external field is varied, ranging



5

 . magnetic field dependence of σm

from 10mT to 7T. A typical measurement result (for d = 2.5µm) is shown in Fig. .,
for both the first harmonic (Fig. .a) and second harmonic (Fig. .b) response.
a b

R
1ω

nl

R
2ω

nl

d = 2.5 µm d = 2.5 µm

µ
0
H

µ
0
H

µ
0
H

µ
0
H

µ
0
H

µ
0
H

µ
0
H

µ
0
H

Figure .: Non-local signal as a function of angle α, for an injector-detector separation distance
d = 2.5µm and for various external magnetic field strengths. (a) First harmonic signal. The solid
lines are sin2α fits through the data. (b) Second harmonic signal. The solid lines are sinα fits through
the data. The decrease in signal amplitude for increasing magnetic field strength is clearly visible
for both first and second harmonic signals. The amplitudes of the non-local signals, R1ω

nl and R2ω
nl ,

are indicated in figure (a) and (b) respectively, for µ0H = 7T. Measurements were performed using
Irms = 110µA at a lock-in frequency of f = 10.447Hz.

For electrically excited magnons, both injection efficiency ηinj and detection effi-
ciency ηdet depend on the angle α as ηinj ,ηdet ∝ sinα. Since the total signal is then
proportional to the product of ηinj and ηdet, this results in a total angular depen-
dence of R1ω = R1ω

nl sin
2α, where R1ω

nl is the amplitude of the first harmonic signal []
(indicated in Fig. .a). The second harmonic signal however relies on the magnon
spin current generated by the spin Seebeck effect in the YIG, due to the temperature
gradient arising from Joule heating in the injector. Since Joule heating is independent
of α, the only angular dependence for the second harmonic non-local signal comes
from the magnon detection efficiency ηdet, resulting in R2ω = R2ω

nl sinα, where R2ω
nl

is the amplitude of the second harmonic signal [] (indicated in Fig. .b). From
Fig. . we can clearly see that both the first and second harmonic signals decrease for
increasing external field strengths.

In order to investigate the dependence of non-local signals on the magnetic field,
we performed a series of non-local measurements as a function of field strength
for various injector-detector separation distances. The results are shown in Fig. .,
presenting the data for the first harmonic signal on the left (Fig. .a) and the second
harmonic signal on the right (Fig. .b). The distances that we measured are 200nm,
1µm, 2.5µm, 5µm, 15µm, 20µm and 30µm. The devices with d = 200nm and
d = 1µm are in sample series A, the other distances in series B.

For both first and second harmonic results, it can be seen that the signal at larger
distances is suppressed much more strongly by the external field than at shorter
distances. In particular, for the first harmonic response, at d = 30µm the signal is
reduced to ≈ 0 for a field of 1T, whereas for d = 200nm there is virtually no signal
reduction up to approximately 1.5T. For the intermediate distance d = 2.5µm the
signal is suppressed for a field of 1T, but only by % (compared to the signal at
10mT). These observations clearly indicate that the mechanism leading to signal sup-
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First harmonic Second harmonica b

d = 200 nm d = 200 nm

d = 1 μm d = 1 μm

d = 2.5 μm d = 2.5 μm

d = 5 μm d = 5 μm

d = 15 μm d = 15 μm

d = 20 μm d = 20 μm

d = 30 μm d = 30 μm

Figure .: Magnitude of the first (a) and second (b) harmonic non-local signals (normalized to
device length) as a function of magnetic field, for injector-detector separation distances d = 200nm
to d = 30µm. The amplitude of the signal as extracted from an angle-dependent measurement as
shown in Fig. . is plotted. The errorbars represent the standard error in the fit. All measurements
were performed at an excitation current of Irms = 200µA with frequency f = 10.447Hz. The data
shows structure at µ0H ≈ 2.2T which reproduces for distances d > 2.5µm in both the first and second
harmonic signal. At this moment, the origin of this structure is unclear.
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a b

Figure .: Data presented in Fig. ., plotted as a function of distance for the first (a) and second (b)
harmonic non-local signals (normalized to device length), for magnetic field strengths of µ0H = 0.01T
to µ0H = 6.0T. In each plot, the symbols mark the amplitude of the signal, extracted from an angle-
dependent measurement as shown in Fig. .. The errorbars represent the standard error in the fit to
extract the amplitude. Solid lines are fits of Eq. . to the data. The shaded regions on the bottom of
the graphs indicate the noise floor of the setup for our measurement settings.

pression must lie in the magnon transport rather than in the generation or detection
of magnons: A reduction in ηinj or ηdet would lead to the same signal suppression at
all distances.

As we derived in Ref. [], the non-local resistance as a function of injector-detector
separation distance is given by

Rnl =
C
λm

exp(d/λm)
1− exp(2d/λm)

, (.)

where d is the distance between injector and detector and C is a distance independent
pre-factor that depends for instance on the effective spin mixing conductance of the
Pt|YIG interface and the magnon diffusion constant Dm. Furthermore, λm =

√
Dmτ is

the magnon spin diffusion length, where τ is the magnon spin relaxation time. From
Eq. (.) it becomes apparent that for d > λm a slight reduction of λm can cause a
large drop in Rnl, while as long as d � λm the non-local resistance is (in first order
approximation) equal to −C/(2d) and hence the signal will not be influenced by a
change in λm. The behaviour observed in the data shown in Fig. . can therefore be
explained by assuming that λm is not a constant, yet is reduced under the influence of
the external field.

In order to assess the field dependency of λm, we plot the data presented in Fig. .
as a function of distance, for various magnetic field strengths. This allows us to extract
λm at each field value, by fitting the distance dependent data to Eq. (.). The results
of this procedure are shown in Fig. .a and .b for the first and second harmonic
signals, respectively. The solid lines are fits through the data to Eq. (.), which are
performed with weights wi ∝ 1/y2i , where yi is the amplitude of data point i, thus
giving more weight to data points at large distances (which have a smaller amplitude
but contain more information about λm compared to the points at short distances).
It can be seen from the figure that for both the first and second harmonic, the slope
of the fit (in the region d > 5µm) changes for increasing field strength, indicating
a decrease of λm. The shaded regions in the plots represent the noise floor in our
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a b

Figure .: (a) Magnon spin diffusion length λm as a function of external magnetic field, extracted
from a fit of Eq. . to the distance dependence of the first harmonic ( ) and second harmonic ( )
signals. (b) Pre-factor C as a function of external magnetic field, extracted from the first (left axis)
and second (right axis) harmonic signals.

measurement setup, which is approximately  nVrms. We perform a fit of Eq. (.) to
the data up to µ0H = 3.5T since the signal has dropped below the noise floor at that
field value for distances d ≥ 15µm, which leaves us with insufficient data points to
unambiguously extract λm for larger field values. The same procedure is used for the
second harmonic data presented in Fig. .b, where in this case we can perform the
fits up to µ0H = 6.0T due to the larger signal-to-noise ratio for the second harmonic
signal.

From the fits shown in Fig. . we find the magnon spin diffusion length as a
function of field, λm(H), which we plotted in Fig. .a. In this figure, both the spin
diffusion length extracted from the first harmonic and second harmonic signals (λ1ω

and λ2ω, respectively) are shown. For fields up to µ0H = 0.7 T, the spin diffusion
lengths extracted from the first and second harmonic signals are equal within the
measurement uncertainty. For larger fields however, λ1ω saturates to a smaller value
than λ2ω. This corresponds to the smaller change in slope of the fits when comparing
the distance dependence of the second harmonic signal in Fig. .b to that of the
first harmonic in Fig. .a. This is due to the fact that while the first harmonic signal
truly drops to zero for large fields (see Fig. .a for d ≥ 15µm), the second harmonic
signal saturates at a finite value even for very large field and distance (see Fig. .b,
for instance d = 30µm). This finite saturation value might be due to a local heating
effect: While at large fields the magnons generated near the injector cannot reach the
detector any more due to the short spin diffusion length, a small temperature gradient
(resulting from injector Joule heating) could very well still be present near the detector.
This temperature gradient would then give rise to a spin Seebeck voltage as it generates
magnons locally, meaning that no spin information, but only heat, is transported from
injector to detector. This theory could be tested quantitatively by performing detailed
finite element modeling of our devices, which would be interesting but is beyond the
scope of this current chapter.

Another indication that the situation for the thermally excited magnons is more
complicated comes from the fact that for d = 1µm the second harmonic signal slightly
increases up to a field of 2.5T, rather than immediately decreasing as is observed for
all other distances. We do not have an explanation for this behaviour at this moment.
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Finally, from the data for d = 200nm it is clear that the non-local signal is reduced
for large fields, despite the fact that d � λm which should imply that Rnl is indepen-
dent of λm. Specifically, a reduction of λm from 9.5µm to 4µm, as shown in Fig. .a,
should result in a signal reduction of only 0.03% at d = 200nm. The observed signal
reduction for this distance is % (from µ0H = 10mT to 3.5T), which is thus too large
to be explained only by a reduction of λm. This can be understood by realizing that
the pre-factor C is also reduced under the influence of the magnetic field, as shown
in Fig. .b. Comparing the situation for a magnetic field of 10mT and 3.5T, both
λ1ω
m and C1ω are reduced by a factor of .. Since C1ω depends linearly on Dm, we

might assume that the reduction of C1ω can be explained by a reduction of Dm by this
same factor. However, since we have that λm =

√
Dmτ, this means that τ also has to

decrease as a function of the magnetic field in order to explain the observed change in
λm. However, the equilibrium magnon density n also influences C, so the effect we
observed might also be explained by a reduction of n as proposed in Refs. [, ].

. conclusion

Summarizing, we have investigated the influence of an external magnetic field on the
diffusive transport of magnon spins in YIG. The most important effect that we found is
that the magnon spin diffusion length reduces as a function of field, decreasing from
λm = (9.6± 1.2)µm at 10mT to λm = (4.2± 0.6)µm at 3.5T at room temperature. For
field values higher than 3.5T, we cannot extract λm reliably since the signals at long
distances drop below the noise floor for those fields. We also found that for thermally
generated magnons, λm appears to saturate at a higher value than for electrically
generated ones. We postulate that this might be due to the presence of a small but
finite local contribution to the SSE at the detector, arising from diffusion of the heat
generated at the injector. This implies that for large fields, we can no longer rely on
the second harmonic signal to extract λm. Furthermore, we showed that the observed
signal reduction cannot be explained solely by the suppression of λm, but requires an
additional transport parameter to be field-dependent. From the data presented here
we cannot identify whether this parameter is the magnon diffusion constant Dm or
the equilibrium magnon density n. However, it is clear that the observed magnetic
field dependence of the magnon spin diffusion length needs to be taken into account
in the analysis of the magnetic field dependence of the spin Seebeck effect.
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TEMPERATURE DEPENDENCE OF THE MAGNON
SPIN CONDUCTIVITY AND MAGNON SPIN
DIFFUSION LENGTH

ABSTRACT

We present a systematic study of the temperature dependence of diffusive magnon
spin transport, using non-local devices fabricated on a 210nm yttrium iron garnet
(YIG) film on a GGG substrate. In our measurements, we detect spin signals arising
from electrical and thermal magnon generation, and we directly extract the magnon
spin diffusion length λm for temperatures from  to 293K. Values of λm obtained
from electrical and thermal generation agree within the experimental error, with λm =
(9.6± 0.9)µm at room temperature to a minimum of λm = (5.5± 0.7)µm at 30K. Using
a D finite element model to fit the data obtained for electrical magnon generation
we extract the magnon spin conductivity σm as a function of temperature, which is
reduced from σm = (3.7± 0.3)Sm−1 at room temperature to σm = (0.9± 0.6)Sm−1 at
5K. Finally, we observe an enhancement of the signal originating from thermally
generated magnons for low temperatures, where a maximum is observed around
T = 7K. An explanation for this low temperature enhancement is however still
missing and requires additional investigations.

Published as: L.J. Cornelissen, J. Shan and B.J. van Wees, Temperature dependence of the magnon spin
diffusion length and magnon spin conductivity in the magnetic insulator yttrium iron garnet, Phys. Rev. B
, (R) ().
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. introduction

Magnons, the quanta of spin waves, can be excited in magnetic insulators in various
ways: magnetically via microwave-frequency AC currents [], thermally via the spin
Seebeck effect (SSE) [] or electrically via low-frequency or DC electric currents mak-
ing use of the interfacial spin-flip scattering mechanism. The latter excitation method
has attracted a lot of attention recently, both experimentally [–] and theoretically
[–]. It relies on the exchange coupling between the spin accumulation in a nor-
mal metal (NM) and magnons in a magnetic insulator (MI), where the materials of
choice are typically platinum (Pt) for the NM and yttrium iron garnet (YIG) as the
MI. Via this exchange coupling, spin current can be transferred between the MI and
the NM. The spins in the MI are then carried by magnons and transported diffusively,
allowing for the definition of a magnon spin diffusion length (λm) and a magnon spin
conductivity (σm) analogous to their counterparts in diffusive electron spin transport
[]. Several recent experiments investigated the temperature dependence of diffusive
magnon spin currents [–], however no systematic study of λm and σm as a function
of temperature has been carried out to date. Recently, the relevant length scale for
the local SSE was measured as a function of temperature [], which as we show
here exhibits a different temperature dependence than λm. Additionally, Giles et al.
extracted λm using experiments where magnons are generated via laser heating and
found 47 ≤ λm ≤ 73µm at 23K [], and an upper bound of λm ≤ 10µm at 280K.
However, they did not report the full temperature dependence of λm, which we do
identify here. Furthermore, Kehlberger et al. [] reported the relevant length scale
for the local SSE for YIG samples grown by pulsed laser deposition (PLD) and liquid
phase epitaxy (LPE). They found a length scale on the order of 100nm for PLD YIG at
room temperature, 1 µm for LPE YIG at room temperature and 7µm for LPE YIG at
50K. Finally, Wu et al. [] reported a spin diffusion length of 38 nm for sputtered YIG
at room temperature, using a measurement scheme similar to what we employ here,
but in a Pt|YIG|Pt sandwich rather than lateral geometry.

In this chapter we investigate the diffusive transport of magnon spins as a function
of sample temperature. We employ the non-local measurement geometry that was
developed in our earlier work [] in which we measure the magnon spin signal as a
function of distance, which allows us to directly extract λm for temperatures from 2K
to 293K. In this measurement scheme, magnon injection and detection results from
the exchange interaction between a spin accumulation in the platinum injector and
detector (created and probed by the spin Hall and inverse spin Hall effect, respectively)
and magnons in the YIG. This implies that the distance over which the magnon spin
current diffuses is well defined since the locations of both magnon injection and
detection are strictly determined, allowing us to unambiguously extract the magnon
spin diffusion length []. Additionally, we use a D finite element model (FEM) to
describe the magnon transport in our devices [], which enables us to determine σm
as a function of temperature.

. sample preparation

A microscope image of a typical device is shown in the inset of Fig. .. The devices
consist of two parallel platinum strips on top of a yttrium iron garnet (YIG) thin film,
separated a distance d from each other and contacted by Ti/Au leads. The YIG film
thickness is t = 210nm and it was grown by liquid phase epitaxy in the [] direction,
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Figure .: Non-local signals as a function of the angle α between the magnetic field H and the
injector/detector strips, for injector-detector separation distance d = 3.5µm and various sample
temperatures. Inset shows an optical microscope image of one of the devices, with current and voltage
connections indicated schematically. a) First harmonic signal. Dashed lines are sin2(α) fits through
the data. b) Second harmonic signal. Dashed lines are sin(α) fits through the data. The amplitudes of
the non-local signal, R1ω

nl and R2ω
nl are indicated in figure a and b respectively, for T = 60K. The sign

convention is the same as in Ref. [], meaning that a positive R2ω
nl implies a second harmonic voltage

that is opposite to what would be obtained for a local current driven spin Seebeck measurement.

on top of a 500µm thick Gd3Ga5O12 substrate. YIG|GGG samples were obtained
commercially from Matesy GmbH. Three steps of electron beam lithography were
used to define the devices on top of the YIG film. In the first step we define a pattern
of Ti/Au markers (deposited by e-beam evaporation), used to align the subsequent
steps. Injectors and detectors are defined in the second step, where approximately
10nm of platinum is deposited using magnetron sputtering in an Ar+ plasma. Finally,
we define Ti/Au (/75nm) leads and bonding pads using e-beam evaporation. Prior
to Ti evaporation, we perform argon ion milling to remove any polymer residues from
the Pt strips. Length and width of the platinum strips are approximately L = 100µm
and w = 300nm for all devices.

. results

Non-local measurements are performed by applying an AC charge current I to the
injector at a frequencyω (typically Irms = 100µA andω/(2π) = 3.423Hz). This current
generates magnons in the YIG via two different mechanisms: Due to the spin Hall
effect, a transverse spin current is generated towards the YIG and a spin accumulation
µs builds up at the Pt|YIG interface. Via the exchange interaction at the interface, µs
generates a magnon spin accumulation µm in the YIG. This is a fully linear process,
i.e. µm ∝ I . Additionally, heat is generated in the injector via Joule heating, which
induces a temperature gradient ∇T in the YIG. By virtue of the spin Seebeck effect,
this gradient causes a magnon spin current to flow. The spin current jm is linear with
the temperature gradient, which in turn is proportional to the current squared, i.e.
jm ∝ ∇T ∝ I2. At the detector interface, magnon spins in the YIG are converted into
a spin accumulation in the Pt, which is then converted to a charge voltage V via the
inverse spin Hall effect. Note that a finite ∇T is likely present close to the detector
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a b

Figure .: Distance dependence of the amplitudes of the non-local first (a) and second (b) harmonic
signals. Errorbars indicate one standard error of the amplitude obtained from the fits to the angle
dependent data. Solid lines are fits of the data to Eq. .. Exception to this are the solid lines in the
low temperature (T ≤ 12.5K) second harmonic data, which are better described by a pure exponential
fit.

as well, which also generates a magnon spin current that can give rise to a second
harmonic signal. However, due to the different characteristic decay of the heat and
spin current with distance (algebraic compared to exponential decay respectively, in
the regime where d > λm,t []), we can verify that magnons which are generated near
the injector and then diffuse to the detector dominate the second harmonic signal in
our devices.

Using a lock-in detection technique [] we can detect signals due to processes that
are linear and quadratic in the current separately. The non-local first harmonic signal
is then given by R1ω = V 1ω/I (due to electrical generation), while the second harmonic
signal is R2ω =

√
2V 2ω/I2 (thermal generation). In the non-local measurements we are

thus sensitive to the generation, transport and detection of magnons, where the only
difference between first and second harmonic lies in the generation process.

We now rotate the sample in an external in plane magnetic field large enough to
align the YIG magnetization M (µ0H = 10mT), thus varying the angle α between M
and the Pt strips. For electrical generation of magnons, both the injection and detection
processes depend on the projection of M on the spin accumulation in the Pt, which
leads to R1ω = R1ω

nl sin
2(α) for the first harmonic signal as can be seen in Fig. .a.

For thermally generated magnons, only the detection depends on α, resulting in
R2ω = R2ω

nl sin(α) for the second harmonic signal, as can be observed in Fig. .b. The
first harmonic signal decreases for decreasing sample temperature, which is consistent
with previous observations [–] and theoretical predictions [, , ]. Interestingly,
the second harmonic signal shows the opposite trend and significantly increases as T
is reduced.

By performing measurements for various injector-detector separation distances d,
we extract the signal amplitude as a function of distance. The results are shown in
Fig. .a for the first harmonic signal and Fig. .b for the second harmonic signal,
for several temperatures. For large distances, the decay of the magnon spin signal is
governed by the magnon spin diffusion length λm. As we showed in Ref. [], λm can
be extracted from both the first and second harmonic signals by fitting the distance
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dependent data� to the D magnon spin diffusion model

Rnl(d) =
A
λm

exp(d/λm)
1− exp(2d/λm)

, (.)

where A is a prefactor that depends for instance on the efficiency of the magnon
injection (governed by the effective spin conductance gs []) and on the magnon
diffusion constant. The model in Eq. . assumes transparent injector and detector
contacts, a condition that even at room temperature is not completely fulfilled due to

the finite value of gs. Additionally, gs scales as gs ∝
(
T
TC

)3/2
[, ] so that for T → 0

the interfaces become increasingly opaque, making the applicability of the model
questionable for low temperature. However, we can still use the model to determine
λm, since that is only determined by the decay of the signal in the long-distance
regime (i.e. the slope of the curves in Fig. . for distances d > 10µm). For T < 25K
the signal-to-noise ratio (SNR) in the first harmonic is� 1 for devices with d > 10µm,
such that we can no longer reliably extract λm.

The distance dependence of the second harmonic is generally more complicated
than that of the first harmonic due to the delocalized nature of thermal magnon
generation, even showing a sign change for very short distances (d ≤ 200nm) as we
showed in Ref. []. However, for distances longer than the magnon spin diffusion
length we can still use the model in Eq. . to extract λm from the second harmonic
data. We stress that the exponential decay in this regime can only be explained by
magnons being generated thermally in close vicinity of the injector, which then diffuse
to the detector. Interestingly, for T < 25K the second harmonic distance dependence
shows almost pure exponential decay described by

R2ω
nl = Bexp(−d/λ2ω

m ) , (.)

over approximately three orders of magnitude. In this regime we thus extract λ2ω
m by

fitting the data to Eq. .. This crossover to a pure exponential might be explained
by the reduction of interface transparency due to the decrease of gs. This can also
be observed in spin transport in metallic non-local spin valves, where transparent
contacts result in signal decay similar to our Eq. ., but opaque contacts yield pure
exponential decay [].

Fig. . shows the magnon spin diffusion length λ1ω
m (λ2ω

m ) that we found from the
first (second) harmonic signals, as a function of temperature. It can be seen that λ1ω

m
and λ2ω

m approximately agree within the experimental error, which further supports
our claim that there is no difference in the transport mechanism for electrically and
thermally excited magnons. Furthermore, there is only a small change in λm over the

probed temperature range. Since λm = vth

√
2
3ττmr [], with vth the magnon thermal

velocity, τ the momentum relaxation time and τmr the magnon spin relaxation time,
we attribute this to the fact that while the relaxation times increase as T decreases,
this is compensated by the reduction in thermal velocity of the magnons. Our results
differ significantly from the findings of Giles et al., who reported as a lower bound
λm = 43 µm for at 23K (compared to λm(T = 25) = (6.7± 0.6)µm that we find here).
Note that we study a 210nm thin YIG film on GGG substrate, whereas Giles et al.
studied a 0.5mm thick YIG substrate. However, recent magnon spin transport studies

� To ensure that data from all distances is weighed equally, we perform the fit on the log10 of the data,
using also the log10 of Eq. . as fitting function.
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Figure .: Magnon spin diffusion length as a function of temperature, obtained from the distance
dependence of the first harmonic (λ1ωm , ) and second harmonic (λ2ωm , ) signals. λm was extracted by
fitting the data to Eq. .. Errorbars indicate one standard error obtained from the fits. For T ≥ 25K,
λ1ωm and λ2ωm agree within the experimental uncertainties. For T < 25K, the signal-to-noise ratio
(SNR) in the first harmonic is�  for distances d > 10µm, making reliable extraction of λ1ωm for
impossible. However, due to the increase in second harmonic signal for decreasing temperature, λ2ωm
can be extracted very accurately in this regime, explaining the small errorbars on λ2ωm here.

in our group did not show significant variation in λm for YIG film thicknesses up to
50µm at room temperature [].

Our observed λm(T ) also differs from recent experiments which rely on the YIG
thickness dependence of the local spin Seebeck effect (SSE) to determine the propa-
gation length ξ of thermally excited magnons []. The authors of Ref. [] found a
scaling of ξ ∝ T −1. These different observations show that it is crucial to investigate
the relevant length scale in both local and non-local geometries in order to develop a
complete physical picture of the SSE.

Focusing on the electrical generation of magnons, we use the D finite element
model which we developed in Ref. [] to describe the first harmonic non-local
resistance as a function of temperature. The model, which is based on the linear-
response transport theory for the diffusive spin and heat transport of magnons, is
described in detail in Ref. []. Magnon spin transport in the bulk of the YIG (in
corresponding electrical units) is described by

2e
�
jm = −σm∇µm, (.)

∇2µm =
µm
λ2
m
, (.)

where jm is the magnon spin current, e is the electron charge, � the reduced Planck’s
constant, σm the magnon spin conductivity, µm the magnon chemical potential and λm
the magnon spin diffusion length. Spin currents across the Pt|YIG interface are given
by j intm = gs (µs −µm), where µs is the spin accumulation at the Pt side of the interface,
and µm the magnon chemical potential on the YIG side. In linear response, magnon
spin transport in our Pt|YIG devices is thus governed by three parameters: λm, σm and
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Figure .: Re-plot of the data shown already partially in Fig. ., now as a function of temperature.
(a) and (b) Amplitudes of the first harmonic non-local resistance (symbols) for various injector-
detector distances as a function of temperature. Solid lines show the results of the temperature
dependent D FEM for every distance. In the FEM, σm is used as the only free parameter to fit the
data from all distances at each measured temperature, with intervals ∆T = 20K. The fit results are
then interpolated to obtain the solid lines shown here. The structure that can be seen in these lines
results from our finite sampling intervals. (c) Amplitude of the second harmonic non-local resistance
for various distances as a function of temperature, on a logarithmic scale. The signal peaks at T ≈ 7K
for all distances.
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gs. We employ a zero perpendicular spin current boundary condition at the YIG|GGG
interface since, while a paramagnetic spin Seebeck effect has been observed in GGG
at low temperatures [], this effect only contributes at magnetic fields much larger
than our typical external field. Therefore, for the low fields we are using we can safely
assume that no magnon spin currents leaks away into the GGG.

Using our model, we aim to find σm(T ) which is thus treated as the only fit
parameter. λm(T ) is found from the distance dependence of the non-local signals
directly as shown in Fig. . and we use gs(T ) = gs(293)(T /293)3/2, where gs(293)
is the value for gs at room temperature (293K). We extracted Gr = 2.5× 1014 Sm−2
from spin Hall magnetoresistance (SMR) measurements [, ] of our devices at
room temperature, from which we obtain gs(293) = 1.5× 1013 Sm−2, comparable to
what we found for our previous devices in Refs. [, ]. Furthermore, the spin
accumulation generated at the interface of the Pt injector and the YIG was calculated
using µs = 2θSHjc

λs
σe
tanh

(
t

2λs

)
[, ], where θSH is the spin Hall angle in Pt, jc is

the charge current density in the injector, λs is the spin diffusion length in Pt, σe
the Pt conductivity and t the Pt thickness. σe(T ) is extracted independently from
resistivity measurements on the injector strips and also used as input in the FEM.
Furthermore, the temperature dependence of λs was included, using interpolation of
the data reported in Ref. []. Finally, the non-local signal is found by calculating the
average spin current density 〈js〉 in the detector, which is then converted to non-local
resistance using Rnl = θSHL〈js〉/(Iσe).

Fig. . shows the measured first harmonic non-local resistance as a function of
temperature, for various distances. The solid lines are the results of the fit of the FEM
to the experimental data, with σm as the only free parameter. Fits are performed to
data for all distances at each measured temperature� to extract σm(T ). The agreement
between model and experiment is reasonable as the model is generally less than a
factor of  off, even for d = 3.5µm where the largest discrepancy is observed.

The resulting temperature dependence σm(T ) is shown in Fig. ., where the
errorbars indicate one standard error in σm obtained from the fits. Note that the value
we find for σm at room temperature, σm(293) = (3.7± 0.3)× 105 Sm−1, is comparable
to σm = 5× 105 Sm−1, which we extracted previously from an independent set of data
obtained from different devices (the majority of which were fabricated on samples cut
from the same YIG|GGG wafer) [].

Fig. .c shows that the second harmonic signal exhibits a maximum at T ≈ 7K
K for all distances. Below 7K the signals decrease again, even changing sign† for
large distances (d ≥ 20µm). This sign change is not well understood and calls for
further investigations. In particular, a study of the non-local second harmonic signal
temperature dependence as a function of YIG thickness may lead to more insight in
the complicated generation mechanism for thermal magnon excitation, since recent
experimental results show that the distance at which the sign change occurs (at room
temperature) depends on the thickness of the YIG film, whereas λm does not depend
on film thickness [].

The enhancement in second harmonic signal is at present not well understood.
However, we do attribute it to an enhancement in thermal magnon generation at or
close to the injector (rather than changes in the transport or detection of the magnons),

� We again fit the log10 of the data to the log10 of the model outcome to obtain equal weighting for data
from all distances.

† Data points with negative amplitudes are not visible in Fig. .c due to the logarithmic scale of the
plot. The sign changes occur in the region 2 < T < 5K, depending on the distance.
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Figure .: Magnon spin conductivity σm(T ) as a function of sample temperature, extracted from
least squares fits of the D FEM to the experimental first harmonic data (Fig. .a and .b). The
FEM is used to fit the distance dependence of the signal at each temperature, with σm(T ) as the only
free parameter. Errorbars indicate one standard error obtained from the fits.

since the only difference between first and second harmonic signal lies in the genera-
tion mechanism of the magnons. This could mean that the spin Seebeck coefficient
in YIG is enhanced for decreasing temperature, however an extensive analysis is
needed to draw further conclusions regarding the origin of this enhancement. Since
we focused here on the temperature dependence of the transport parameters involved,
we leave this analysis for future work.

. conclusion

In conclusion, we report the temperature dependence of the magnon spin diffusion
length and the magnon spin conductivity in YIG, which we extracted from non-local
magnon spin transport measurements. We observe only a slight change in λm with
temperature, which we attribute to the fact that the increase in magnon relaxation time
is compensated by the reduced thermal velocity of the magnons. The close agreement
in λm for electrically injected and thermally generated magnons confirms that the
same (exchange) magnons are involved, and supports the description of the non-
equilibrium transport in terms of a magnon chemical potential []. For electrically
generated magnons, we modeled the distance and temperature dependence of the
non-local signal quantitatively using a D finite element model which was developed
in earlier work. The model gives good agreement with the experimental observations
over the whole temperature range and allowed us to find the temperature dependence
of σm, which we find to decrease by roughly an order of magnitude from room
temperature to T = 5K. For thermally generated magnons, we observe that the
non-local signal increases with decreasing temperature and peaks around T ≈ 7K.
Additional experimental and theoretical studies are required to understand this
enhancement.
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7
NONLOCAL MAGNON-POLARON TRANSPORT IN
YTTRIUM IRON GARNET

ABSTRACT

The spin Seebeck effect (SSE) is observed in magnetic insulator|heavy metal bilayers
as an inverse spin Hall effect voltage under a temperature gradient. The SSE can be
detected nonlocally as well, viz. in terms of the voltage in a second metallic contact
(detector) on the magnetic film, spatially separated from the first contact that is used to
apply the temperature bias (injector). Magnon-polarons are hybridized lattice and spin
waves in magnetic materials, generated by the magnetoelastic interaction. Kikkawa et
al. [Phys. Rev. Lett. ,  ()] interpreted a resonant enhancement of the
local SSE in yttrium iron garnet (YIG) as a function of the magnetic field in terms of
magnon-polaron formation. Here we report the observation of magnon-polarons in
nonlocalmagnon spin injection/detection devices for various injector-detector spacings
and sample temperatures. Unexpectedly, we find that the magnon-polaron resonances
can suppress rather than enhance the nonlocal SSE. Using finite element modeling we
explain our observations as a competition between the SSE and spin diffusion in YIG.
These results give unprecedented insights into the magnon-phonon interaction in a
key magnetic material.

Published as: L.J. Cornelissen†, K. Oyanagi†, T. Kikkawa, T. Kuschel, Z. Qui, G.E.W. Bauer, B.J. van Wees
and E. Saitoh, Nonlocal magnon-polaron transport in yttrium iron garnet, Phys. Rev. B ,  ()
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. introduction

When sound travels through a magnet the local distortions of the lattice exert torques
on the magnetic order due to the magnetoelastic coupling []. By reciprocity, spin
waves in a magnet affect the lattice dynamics. The coupling between spin and lattice
waves (magnons and phonons) has been intensively researched in the last half century
[, ]. Yttrium iron garnet (YIG) has been a singularly useful material here, because
it can be grown with exceptional magnetic and acoustic quality []. Magnons and
phonons hybridize at the (anti)crossing of their dispersion relations, a regime that
has attracted recent attention [–]. When the quasiparticle lifetime-broadening
is smaller than the interaction strength, the strong coupling regime is reached; the
resulting fully mixed quasiparticles have been referred to as magnon-polarons [, ].

In spite of the long history and ubiquity of the magnon-phonon interaction, it still
leads to surprises. Evidence of a sizeable magnetoelastic coupling in YIG was recently
found in experiments on spin caloritronic effects, i.e. the spin Peltier[] and spin
Seebeck effect [, ] (SPE and SSE respectively). Recently, Kikkawa et al. showed
that the hybridization of magnons and phonons can lead to a resonant enhancement
of the local SSE in YIG []. Bozhko et al. found that this hybridization can play a
role in the thermalization of parametrically excited magnons using Brillouin light
scattering. They observed an accumulation of magnon-polarons in the spectral region
near the anticrossing between the magnon and transverse acoustic phonon modes
[]. However, these previous experiments did not address the transport properties of
magnon-polarons.

Nonlocal spin injection and detection experiments are of great importance in
probing the transport of spin in metals [], semiconductors [] and graphene [].
Varying the distance between the spin injection and detection contacts allows for the
accurate determination of the transport properties of the spin information carriers
in the channel, such as the spin relaxation length []. Recently, it was shown that
this kind of experiments are not limited to (semi)conducting materials, but can also
be performed on magnetic insulators [], where the spin information is carried by
magnons. Such nonlocal magnon spin transport experiments have provided additional
insights in the properties of magnons in YIG, for instance by studying the transport
as a function of temperature [–] or external magnetic field []. Finally, the
nonlocal magnon spin injection/detection scheme can play a role in the development
of efficient magnon spintronic devices, for example magnon based logic gates [, ].
In this study, we make use of nonlocal magnon spin injection and detection devices to
investigate the transport of magnon-polarons in YIG.

Magnons can be excited magnetically using the oscillating magnetic field generated
by a microwave frequency ac current [], or electrically using a dc current in an
adjacent material with a large spin Hall angle, such as platinum []. Finally, they
can be generated thermally by the SSE [–], in which a thermal gradient in the
magnetic insulator drives a magnon spin current parallel to the induced heat current.

The generation of magnons via the SSE can be detected in several configura-
tions: First, the heater-induced configuration (hiSSE) [], which consists of a bilayer
YIG|heavy metal sample that is subject to external Peltier elements to apply a temper-
ature gradient normal to the plane of the sample. The SSE then generates a voltage
across the heavy metal film (explained in more detail below), which can be recorded.
Second, the current-induced configuration (ciSSE) [, ] in which the heavy metal
detector used to detect the SSE voltage is simultaneously used as a heater. A current is
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sent through the heavy metal film, creating a temperature gradient in the YIG due to
Joule heating. Due to this temperature gradient, the SSE generates a voltage across
the heavy metal film, which can again be recorded. Third, the nonlocal SSE (nlSSE)
[, ], in which a current is sent through a narrow heavy metal strip to generate a
thermal gradient via Joule heating as well. However, the SSE signal resulting from
this thermal gradient is detected in a second heavy metal strip, located some distance
away from the injector.

In the nlSSE, the magnons responsible for generating a signal in the detector
strip are generated in the injector vicinity and then diffuse through the magnetic
insulator to the detector. The temperature gradient underneath a detector located
several microns to tens of microns from the injector does not contribute significantly
to the measured voltage [, ]. In contrast, the hiSSE and ciSSE always have a
significant temperature gradient directly underneath the detector. The hiSSE and
ciSSE are therefore local SSE configurations, contrary to the nlSSE which is nonlocal.

In all three configurations, the resulting voltage across the heavy metal film is
due to magnons which are absorbed at the YIG|detector interface, causing spin-flip
scattering of conduction electrons and generating a spin current and spin accumula-
tion in the detector. Due to the inverse spin Hall effect [], this spin accumulation is
converted into a charge voltage that is measured.

H
 =

 H
L
A

H
 =

 H TA

H < H
TA

Figure .: Dispersion relations for transverse acoustic (TA) phonons, longitudinal acoustic (LA)
phonons and magnons, for different values of the applied magnetic field. When the resonance condition
is met, i.e. H =HTA or H =HLA, magnons hybridize efficiently with TA or LA phonons. Curves are
plotted using parameters from Ref. [].

At specific values for the external magnetic field, the phonon dispersion is tangent
to that of the magnons and the magnon and phonon modes are strongly coupled
over a relatively large region in momentum space (see Fig. .). At these resonant
magnetic field values, the effect of the magnetoelastic coupling is at its strongest and
magnon-polarons are formed efficiently. If the acoustic quality of the YIG film is
better than the magnetic one (meaning that the phonon lifetime is longer than that of
magnons), magnon-polaron formation leads to an enhancement in the hiSSE signal
at the resonant magnetic field []. This enhancement is attributed to an increase
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in the effective bulk spin Seebeck coefficient ζ, which governs the generation of
magnon spin current by a temperature gradient in the magnet. This was demonstrated
experimentally by measuring the spin Seebeck voltage in the hiSSE configuration [],
establishing the role of magnon-polarons in the thermal generation of magnon spin
current.

Here we make use of the nlSSE configuration to directly probe not only the genera-
tion, but also the transport of magnon-polarons. We show that in the YIG samples
under investigation not only ζ, but also the magnon spin conductivity σm is resonantly
enhanced by the hybridization of magnons and phonons, which leads to signatures in
the nonlocal magnon spin transport signals clearly distinct from the hiSSE observa-
tions. Notably, resonant features in nonlocal transport experiments have very recently
been theoretically predicted by Flebus et al. [], who calculated the influence of
magnon-polarons on the YIG transport parameters such as the magnon spin and heat
conductivity and the magnon spin diffusion length.

. experimental methods

.. Sample fabrication

Our nonlocal devices consist of multiple narrow, thin platinum strips (typical dimen-
sions are 100 µm × 100 nm × 10 nm [l×w× t]) deposited on top of a YIG thin film
and separated from each other by a centre-to-centre distance d. We have performed
measurements of nonlocal devices on YIG films from Groningen and Sendai, both
of which are grown by liquid phase epitaxy on a gadolinium gallium garnet (GGG)
substrate in the [] direction. The YIG film thickness is  nm (. µm) for YIG
from Groningen (Sendai). The Sendai samples were grown in-house, whereas the
Groningen samples were obtained commercially from Matesy GmbH. The satura-
tion magnetization MS and Gilbert damping constant α are µ0MS = 171 mT and
α = 1.7× 10−3 for the Sendai YIG[], and µ0MS = 180 mT and α = 2× 10−4 for the
Groningen YIG[]. In Sendai, four batches of devices where investigated (sample S
to S) on pieces cut from the same YIG wafer. The fabrication method and platinum
strip geometry are the same for all batches, but they were not fabricated at the same
time, which might lead to variations in for instance the interface quality from batch to
batch. In Groningen, two batches of devices where investigated (G and G).

Nonlocal devices fabricated in Groningen are defined in three lithography steps:
the first step was used to define Ti/Au markers on top of the YIG film via e-beam
evaporation, used to align the subsequent steps. In the second step, Pt injector and
detector strips were deposited using magnetron sputtering in an Ar+ plasma. In the
final step, Ti/Au contacts were deposited by e-beam evaporation. Prior to the contact
deposition, a brief Ar+ ion beam etching step was performed to remove any polymer
residues from the Pt strip contact areas to ensure optimal electrical contact to the
devices. The devices fabricated in Sendai were defined in a single lithography step.
Two parallel Pt strips and contact pads were patterned using e-beam lithography
followed by a lift-off process, in which -nm-thick Pt was deposited using magnetron
sputtering in an Ar+ plasma. Figure .a shows an optical microscope image of a
typical device, with the electrical connections indicated schematically. The central
strip functions as a magnon injector while the two outer strips are magnon detectors,
measuring the nonlocal signal at different distances from the injector.
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.. Electrical measurements

Electrical measurements were carried out in Groningen and in Sendai, using a current-
biased lock-in detection scheme. A low frequency ac current of angular frequency ω
(typical frequencies are ω/(2π) < 20 Hz, and the typical amplitude is I = 100 µArms)
is sent through the injector strip, and the voltage on the detector strip is measured at
both the frequencies ω (the first harmonic response) and 2ω (the second harmonic
response). This allows us to separate processes that are linear in the current, which
govern the first harmonic response, from processes that are quadratic in the current
which are measured in the second harmonic response [, , ]. The signal due to
the electrical generation of magnons is therefore detected in the first harmonic, while
the signal arising from thermally generated magnons (i.e. the nlSSE) is picked up in
the second harmonic.

The measurements in Sendai were carried out in a Quantum Design Physical
Properties Measurement System (PPMS), using a superconducting solenoid to apply
the external magnetic field (field range up to µ0H = ±10.5 T). The measurements
in Groningen were carried out in a cryostat equipped with a Cryogenics Limited
variable temperature insert (VTI) and superconducting solenoid (magnetic field range
up to µ0H = ±7.5 T). Electronic measurements in Groningen are carried out using a
home built current source and voltage pre-amplifier (gain 104) module galvanically
isolated from the rest of the measurement electronics, resulting in a noise level of
approximately 3 nVr.m.s. at the output of the lock-in amplifier for a time constant of
τ = 3 s and a filter slope of 24 dB/octave. The electronic measurements in Sendai
were carried out by means of an ac and dc current source (Keithley model ) and a
lock-in amplifier using a time constant of τ = 1 s and a filter slope of 24 dB/octave.

. experimental results

The sample is placed in an external magnetic field H , under an angle α = 90◦ to
the injector/detector strips. The first and second harmonic response of the detector
contact, due to electrical and thermal magnon generation in the injector, respectively,
are measured simultaneously.

Figure .b shows the results of two typical nonlocal measurements at different
distances, in which µ0H is varied from −3.0 to 3.0 T. Several distinct features can be
seen in these results. As the magnetic field is swept through zero, the YIG magnetiza-
tion and hence the magnon spin polarization change direction, since a magnon always
carries a spin opposite to the majority spin in the magnet. This causes a reversal of the
polarization of the spin current absorbed by the detector and consequently the voltage
VnlSSE changes sign. Additionally, VnlSSE for short distance d (Figure .b bottom
panels) shows an opposite sign compared to VnlSSE for long distance (Figure .b top
panels). This sign-reversal for short distances is a characteristic feature of the nlSSE
[] that has so far been observed to depend on both the thickness of the YIG film
tYIG (roughly speaking, at room temperature when d < tYIG the sign will be opposite
to that for d > tYIG[]) as well as the sample temperature, where a lower temperature
reduces the distance at which the sign-change occurs [, ].

The sign for short distances corresponds to the sign one obtains when measuring
the SSE in its local configurations (hiSSE, indicated schematically in Figure .c or
ciSSE). The results for a hiSSE measurement on sample S as a function ofH are shown
in Figure .d, and VhiSSE clearly shows the same sign as VnlSSE for short distance. We
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Figure .: (a) Microscope image of a typical device, with schematic current and voltage connections.
The three parallel lines are the Pt injector/detector strips, connected by Ti/Au contacts. α is the angle
between the Pt strips and an applied magnetic field H (in (b)-(d) α = 90◦). (b) Nonlocal spin Seebeck
(nlSSE) voltage for an injector-detector distance d = 6 µm (top) and d = 2 µm (bottom) as a function
of µ0H . At |µ0H | = µ0HTA ≈ 2.3 T, a resonant structure is observed that we interpret in terms of
magnon-polaron formation (indicated by blue triangles as a guide to the eye). The right column is a
close-up of the anomalies forH > 0. The results can be summarized by the voltages V 0

nlSSE and VTA as
indicated in the lower panels. (c) Schematic geometry of the local heater-induced hiSSE measurements.
Here the temperature gradient ∇T is applied by external Peltier elements on the top and bottom of
the sample. (d) The hiSSE voltage measured as a function of magnetic field. The close-up around the
resonance field (right column) focuses on the magnon-polaron anomaly. All results were obtained
at T = 200 K. The results for d = 6, d = 2 and d = 0 µm were obtained from sample S, S, S,
respectively.

will discuss the origin of this sign-change in more detail later in this manuscript. The
data shown in Figure . are from samples with tYIG = 2.5 µm, hence the different
signs for d = 2 µm and d = 6 µm. In addition to different signs, the nlSSE vs H curves
also show different slopes as the distance changes. This behavior was also observed
in thin YIG films [], where for long distances a strong reduction of the signal was
observed which is attributed to the suppression of the magnon spin diffusion length
by the magnetic field. For distances below the sign-change distance, the signal shows
a relatively steep slope which cannot be due solely to the reduction in the magnon
spin diffusion length and is not well understood at the moment.

Resonant features can be observed in the data for |µ0H | = µ0HTA ≈ 2.3 T, where the
subscript TA signifies that these features stems from the hybridization of magnons
with phonons in the transverse acoustic mode, rather than the longitudinal acoustic
mode (LA) which is expected at larger magnetic fields. The rightmost panels of
Figure . show a close-up of the data around H = HTA. For small d the magnon-
phonon hybridization causes a resonant enhancement (the absolute value is increased)
of VnlSSE, while for large d a resonant suppression (the absolute value is reduced)
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Figure .: (a) Nonlocal voltage generated by magnons that are excited electrically (first harmonic
response to an oscillating current in the injector contact). An anomaly is observed at |H | = HTA
(the field that satisfies the touching condition for magnons and transverse acoustic phonons). The
inset shows a second set of data from the same sample, taken with a higher magnetic field resolution
(µ0∆H = 15 mT), sweeping the magnetic field both in the forward (black) and backward (red)
directions. (b) nlSSE voltage (second harmonic response) for the same device. VnlSSE is suppressed at
|H | =HTA. The inset shows the corresponding second harmonic data of the high resolution field sweep.
The results were obtained on sample G (thickness  nm) with d = 3.5µm and I = 150µAr.m.s., at
room temperature. A constant background voltage Vbg = 575 nV was subtracted from the data in Fig.
(a).

occurs.
Figure . shows the results of a magnetic field sweep from sample G for both

electrically generated magnons (first harmonic) and thermally generated magnons
(second harmonic). A feature at |H | = HTA can be resolved both in the first and
second harmonic voltage. This suggests that magnon-phonon hybridization does not
only affect the YIG spin Seebeck coefficient, as the first harmonic signal is generated
independent of ζ. It indicates that not only the generation, but also the transport of
magnons is affected by the hybridization. In the second harmonic, the signal is clearly
suppressed at the resonant magnetic field. Unfortunately, because the feature in the
first harmonic is barely larger than the noise floor in the measurements (see Fig. .a
and inset), we cannot conclude whether the signal due to electrical magnon generation
is enhanced or suppressed at the resonance. Due to the fact that the effect in the first
harmonic is so small, in the remainder of this paper we present a systematic study of
the effect in the second harmonic, the nlSSE.

As can be seen from Figure ., the resonant magnetic fields are different for the
TA and LA modes (HTA and HLA, respectively). Due to the higher sound velocity in
the LA phonon mode, HTA < HLA, and the resonance due to magnons hybridizing
with phonons in this mode can also be observed in our nonlocal experiments. In
Appendix .. we show the results of a magnetic field scan over an extended field
range, and it can be seen that the resonance at HLA also causes a suppression of the
nlSSE signal, similar to theHTA resonance. This is comparable to the case for the hiSSE
configuration, in which the HLA and HTA resonances both show similar behaviour in
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Figure .: (a) VnlSSE vs H for various injector-detector separations at T = 300 K. (b) VnlSSE vs H
for different temperatures and d = 2 µm. The data in Figs. (a) and (b) are from sample S and S,
respectively, and is the average of a forward and backward magnetic field sweep†. The magnon-polaron
resonance is indicated by the blue arrows. The blue shading in the graphs indicates the region in which
the sign of the nlSSE signal agrees with that of the hiSSE. The right column in both (a) and (b) shows
close-ups of the data around the positive resonance field (blue triangles). The data in the close-ups
has been antisymmetrized with respect to H , i.e. V = (V (+H)−V (−H))/2. Fig. (a) shows that when
the contacts are close (d ≤ 2 µm), the magnon-polaron resonance enhances VnlSSE, while for long
distances VnlSSE is suppressed at the resonance magnetic field. For very large distances (d ≥ 20 µm),
the resonance cannot be observed anymore. Similarly in Fig. (b), for temperatures T ≥ 180 K, the
magnon-polaron resonance enhances the nlSSE signal, while for lower temperatures the nlSSE signal
is suppressed. The excitation current I = 100 µArms for all measurements.

the sense that they both enhance the hiSSE signal. For the nlSSE case at distances larger
than the sign-change distance, both resonances suppress the signal. We now focus on
the resonance at HTA in the nlSSE data and carried out nonlocal measurements as a
function of magnetic field for various temperatures and distances. Figure .a (.b)
shows the distance (temperature) dependent results, obtained from sample S (S).

† The voltage shown is given by VH+ = (Vbackward(H) − Vbackward(−H))/2 and VH− = (Vforward(H) −
Vforward(−H))/2, where VH+ is the voltage at positive magnetic field values and VH− that at negative
magnetic field values.
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The regions where the sign of the nlSSE equals that of the hiSSE are shaded blue. From
Figure .a the sign-change in VnlSSE can be clearly seen to occur between d = 2 and
d = 5 µm, as at d = 2 µm the nlSSE sign is equal to that of the hiSSE for any value of
the magnetic field, whereas for d = 5 µm it is opposite. Additionally, when comparing
the VnlSSE −H curves for  K and  K in Figure .b, the effect of the sample
temperature on the sign-change is apparent: At  K, the nlSSE sign is opposite
to that of the hiSSE over the whole curve. Furthermore, Figure .b demonstrates
the influence of the magnetic field on the sign change, for instance in the curve for
T = 160 K. At low magnetic fields, the nlSSE sign still agrees with the hiSSE sign
(inside the blue shaded region), but around |µ0H | = 1.5 T the signal changes sign.

In addition, Figure .a shows that the role of the magnon-polaron resonance
changes as the nlSSE signal undergoes a sign change. For d ≤ 2 µm, magnon-phonon
hybridization enhances VnlSSE at |H | =HTA, whereas for d ≥ 5 µm VnlSSE is suppressed
at the resonance magnetic field. Similarly, from Figure .b we observe that at
temperatures T > 160 K, magnon-phonon hybridization enhances the nlSSE signal
at |H | =HTA, while at T ≤ 160 K the nlSSE is suppressed at HTA. Since the thermally
generated magnon spin current is related to the thermal gradient by jm ∝ −ζ∇T , a
resonant enhancement in ζ should lead to an enhancement of the nlSSE signal at all
distances and temperatures, which is inconsistent with our observations. This is a
further indication that not only the generation, but also the transport of magnons is
influenced by magnon-polarons.

Figure .: (a) Temperature dependence of the low-field V 0
nlSSE, for d = 2 µm and d = 6 µm. For 2

µm, the signal changes sign around T = 143 K. The blue shading in the graph indicates the regime
in which the sign agrees with that of the hiSSE. (b) Temperature dependence of the magnon-polaron
resonance VTA. Here, no sign change but a minimum around T = 50 K is observed, which is absent in
Figure (a). (c) Temperature dependence of the resonance field HTA. The maximum around T = 25 K
is likely an artifact resulting from our measurement uncertainty, since it falls within the errorbars
and no such maximum was observed for the hiSSE measurements []. Error bars in (b) and (c) reflect
the peak-to-peak noise in the data used to extract VTA and the step size in the magnetic field scans
(µ0∆H = 20 mT), respectively.

The temperature dependence of the low-field amplitude of the nlSSE, V 0
nlSSE =

[V (+0.1T)−V (−0.1T)]/2, and the magnitude of the resonance, VTA = V (HTA +0.2T)−
V (HTA), (both indicated in Figure .b) are shown in Figure .a and .b respectively.
The curve for V 0

nlSSE at d = 6 µm agrees well with an earlier reported temperature
dependence of the nlSSE at distances which are larger than the film thickness [],
while that at d = 2 µm qualitatively agrees with earlier reports for distances shorter
than the YIG film thickness [, ]. Moreover, from the distance dependence of V 0

nlSSE
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we have extracted the magnon spin diffusion length λm as a function of temperature,
which is shown in Appendix ... λm(T ) obtained from the Sendai YIG approximately
agrees with that for Groningen YIG [] for temperatures T > 30 K, but differs in
the low temperature regime. For further discussion we refer to Appendix ... The
temperature dependence of VTA is different from that of V 0

nlSSE, since first of all no
change in sign occurs here even for d = 2 µm and furthermore a clear minimum
appears in the curve around T = 50 K. This indicates that the resonance has a different
origin than the nlSSE signal itself, i.e. magnon-polarons are affected differently by
temperature than pure magnons.

The resonant magnetic field HTA decreases with increasing temperature, reducing
from µ0HTA ≈ 2.5 T at  K to µ0HTA ≈ 2.2 T at room temperature as shown in Fig-
ure .c. In earlier work by some of us regarding the magnetic field dependence of
the nonlocal magnon transport signal at room temperature, structure in the data at
µ0H = 2.2 T was indeed observed [], but not understood at that time. It is now clear
that this structure can be attributed to magnon-phonon hybridization. HTA depends
on the following three parameters []: The YIG saturation magnetization Ms, the spin
wave stiffness constant Dex and the TA-phonon sound velocity cTA. Dex is approxi-
mately constant for T < 300 K [] and both Ms and cTA decrease with temperature.
The reduction of HTA as temperature increases from  K to  K can be explained
by accounting for a 7 % decrease of cTA in the same temperature interval, taking the
temperature dependence of Ms into consideration []. The results regarding the
behaviour of the magnon-polaron resonance qualitatively agree for the Sendai and
Groningen YIG (see Appendix .. for the temperature dependent results for sample
G).

Moreover, we performed measurements of the nlSSE signal as a function of the
injector current, and found that the nlSSE scales linearly with the square of the
current at high temperatures, as expected. However, at low temperatures (T < 10
K) and sufficiently high currents (typically, I > 50 µA), this linear scaling breaks
down (see Appendix ..). This could be a consequence of the strong temperature
dependence of the YIG and GGG heat conductivity at these temperatures [, ].
The injector heating causes a small increase in the average sample temperature which
increases the heat conductivities of the YIG and GGG, thereby driving the system out
of the linear regime. However, it might also be related to the bottleneck effect which is
observed in parametrically excited YIG []. A more detailed investigation is needed
in order to establish the origin of the nonlinearity.

Finally, we have investigated the ciSSE configuration, meaning that current heating
of the Pt injector is used to drive the SSE and the (local) voltage across the injector
is measured. The sign of the ciSSE voltage corresponds to that obtained in the
hiSSE configuration. However, no resonant features were observed in the ciSSE
measurements, contrary to the hiSSE and nlSSE configurations. We believe that this
is due to the low signal-to-noise ratio in the ciSSE configuration, which could cause
the feature to be smaller than the noise level in our ciSSE measurements. We refer to
Appendix .. for further discussion.

. modelling

The physical picture underlying the thermal generation of magnons has been a subject
of debate in the magnon spintronics field recently. Previous theories explain the SSE
as being due to thermal spin pumping, caused by a temperature difference between
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magnons in the YIG and electrons in the platinum [, , ]. However, the recent
observations of nonlocal magnon spin transport and the nlSSE give evidence that not
only the interface but also the bulk magnet actively contributes and even dominates
the spin current generation. At elevated temperatures the energy relaxation should be
much more efficient than the spin relaxation, which implies that the magnon chemical
potential (and its gradient) is more important as a non-equilibrium parameter than
the temperature difference between magnons and phonons. A model for thermal
generation of magnon spin currents based on the bulk SSE [] which takes into
account a non-zero magnon chemical potential has been proposed in order to explain
the observations []. We make use of a finite element technique to apply this model to
our specific device geometry. The finite element implementation is described concisely
in the next section, and in great detail in our previous work [, ].

.. Finite element model

The two-dimensional finite element model (FEM) is implemented in COMSOL Multi-
Physics (v.). The linear response relation of heat and spin transport in the bulk of a
magnetic insulator reads

(
2e
� jm
jQ

)
= −

(
σm ζ/T

�ζ/2e κ

)(
∇µm
∇T

)
, (.)

where jm is the magnon spin current, jQ the total (magnon and phonon) heat current,
µm the magnon chemical potential, T the temperature (assumed to be the same for
magnons and phonons by efficient thermalization), σm the magnon spin conductivity,
κ the total (magnon and phonon) heat conductivity and ζ the spin Seebeck coefficient.
We disregard temperature differences arising from the Kapitza resistances at the
Pt|YIG or YIG|GGG interfaces. −e is the electron charge and � the reduced Planck
constant. The diffusion equations for spin and heat read

∇2µm =
µm
λ2
m
, (.)

∇2T =
j2c
κσ

, (.)

where jc is the charge current density in the injector contact, σ and κ the electrical and
thermal conductivity and λm the magnon spin diffusion length. Eq. (.) represents
the Joule heating in the injector that drives the SSE.

In the simulations, tYIG = 2.5 µm and wYIG = 500 µm are the thickness and width
of the YIG film, on top of a GGG substrate that is 500 µm thick. wYIG is much larger
than λm and finite size effects are absent. The injector has a thickness of tPt = 10 nm
and a width of wPt = 300 nm. The spin and heat currents normal to the YIG|vacuum,
Pt|vacuum and GGG|vacuum interfaces vanish. At the bottom of the GGG substrate
the boundary condition T = T0 is used, i.e. the bottom of the sample is taken to
be thermally anchored to the sample probe. Furthermore, there is no flow of spin
current into the GGG. This assumption should hold at room temperature but likely
not at low temperatures, since the existence of a paramagnetic spin Seebeck effect []
indicates that GGG under strong magnetic fields can sustain spin excitations at low
temperature. The spin current across the Pt|YIG interface is given by j intm = gs (µs −µm),
where gs is the effective spin conductance of the interface, µs is the spin accumulation
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on the metal side of the interface and µm is the magnon chemical potential on the YIG
side of the interface. The nonlocal voltage is then found by calculating the average
spin current density 〈js〉 flowing in the detector, which is then converted to non-local
voltage using VnlSSE = θSHL〈js〉/σ , where θSH is the spin Hall angle in platinum and L
is the length of the detector strip. The spin current in the platinum contact relaxes
over the characteristic spin relaxation length λs.

The parameters used for platinum in the model are θSH = 0.11, σ = 1.9× 106 S/m,
λs = 1.5 nm and κ = 26 W/(m K). For YIG, σm = 3.7 × 105 S/m, λm = 9.4 µm which
was obtained in our previous work []. Furthermore, κ = 7 W/(m K), based on YIG
thermal conductivity data from Ref. []. For the bulk spin Seebeck coefficient at zero
field we use ζ0 = 500 A/m, based on our previous work in which we gave an estimate
for ζ at room temperature[]. For GGG, the spin conductivity and spin Seebeck
coefficient are set to zero. For the GGG thermal conductivity we use κ = 9 W/(m K),
based on data from Refs. [, ]. Finally, for the effective spin conductance of the
interface we have gs = 3.4× 1011 S/m2. This is roughly a factor  smaller than in our
earlier work []. In the next section we discuss the reason for this smaller gs further.

Figure .: (a) Sketch of the Joule heating in the injector, heating it up to temperature TH . This
leads to a thermal gradient in the YIG. The bulk SSE generates a magnon current JmQ anti-parallel
to the local temperature gradient, spreading into the film away from the contact. When the spin
conductance of the contact is sufficiently small, this leads to a depletion of magnons below the injector,
indicated in Figure (b) as µ−. When the magnons are reflected at the GGG interface, JmQ accumulates
magnons at the YIG|GGG interface, shown in Figure (b) as µ+. The chemical potential gradient
induces a backward and sideward diffuse magnon current Jmd . Both processes in Figure (a) and (b) are
included in the finite element model (FEM). Its results are plotted in Figure (c) in terms of a typical
magnon chemical potential profile. µm changes sign at some distance from the injector, also at the
YIG surface, where it can be detected by a second contact. The magnon-polaron resonance enhances
both the spin Seebeck coefficient ζ and the magnon spin conductivity σm. The increased backflow of
magnons to the injector causes a suppression of the nonlocal signal at long distances (see Figure ).

.. Model results

This model has been reasonably successful in explaining the nonlocal signals (due
to both thermal and electrical generation) in the long distance limit [, ], yet
is not fully consistent with experiments in the short distance limit for thermally
generated magnons []. The physical picture captured by the model is explained
in Figure .a and .b, where for this study we focus on the thermally generated
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magnons driving the nlSSE. In Figure .a a schematic side-view of the YIG|GGG
sample with a platinum injector strip on top is shown. A current is passed through the
injector, causing it to heat up to temperature TH . The bottom of the GGG substrate is
thermally anchored at T0. As a consequence of Joule heating, a thermal gradient arises
in the YIG, driving a magnon current JmQ = −ζ/T∇T parallel to the heat current, i.e.
radially away from the injector. This reduces the number of magnons in the region
directly below the injector (magnon depletion).

In Figure .b the same schematic cross-section is shown, but now the colour
coding refers to the magnon chemical potential µm. Directly below the injector contact
µm is negative due to the magnon depletion in this region (µ−). At the YIG|GGG
interface, magnons accumulate since they are driven towards this interface by the
SSE but are reflected by the GGG, causing a positive magnon chemical potential µ+

to build up. Note that the µ− and µ+ regions are not equal in size since part of the
magnon depletion is replenished by the injector contact, which acts as a spin sink.
Due to the gradient in magnon chemical potential, a diffuse magnon spin current Jmd
now arises in the YIG given by Jmd = −σm∇µm.

The combination of these two processes leads to a typical magnon chemical po-
tential profile as shown in Figure .c, which is obtained from the FEM at room
temperature. The sign change from µ− to µ+ occurs at a distance of roughly dsc = 2.6
µm from the injector, comparable to the YIG film thickness.

The effective spin conductance of the Pt|YIG interface gs was used as a free param-
eter in order to get approximate agreement between the modelled and experimentally
observed sign-change distance dsc. The value for gs is approximately a factor  lower
than what we estimated from theory [] and used in our previous work [] to model
the distance dependence of the electrically generated magnon spin signal. When using
gs = 9.6× 1012 S/m2 (the same as in Refs. [, ]) to model the thermally generated
signal, dsc ≈ 300 nm (for tYIG = 2.5 µm) which is much shorter than what we observe in
the experiments. This discrepancy arises for both the Groningen and Sendai samples.

Taking all processes into account, it should be possible to describe electrical and
thermal generation of magnons with the same gs. The discrepancy between models
for electrically and thermally generated magnon transport might indicate that some
of the material parameters such as spin or heat conductivity and spin diffusion length
(for both YIG and platinum) we used are not fully accurate. However, it could also
indicate the presence of physical processes that are not accounted for in the modelling.
This would mean that the model needs to be refined further, for instance by including
temperature differences at material interfaces which are currently neglected, and the
interfacial spin Seebeck and spin Peltier contributions.

The value of dsc depends mainly on four parameters: The thickness of the YIG
film tYIG, the transparency of the platinum|YIG injector interface, parametrized in
the effective spin conductance gs, the magnon spin conductivity of the YIG σm and
finally the magnon spin diffusion length λm. At high temperatures (i.e. close to room
temperature), the thermal conductivities κGGG and κYIG are similar in magnitude []
and affect dsc only weakly, allowing us to focus here on the spin transport.

Increasing tYIG or σm increases dsc since this reduces the spin resistance of the YIG
film, allowing the depleted region to spread further throughout the YIG. However,
increasing gs or λm causes the opposite effect and reduces dsc since this increases
the amount of µ− which is absorbed by the injector contact compared to that which
relaxes in the YIG. The precise dependency of dsc on these parameters is nontrivial
but can be explored using our finite element model. Ganzhorn et al. and Zhou et al.
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in Refs. [, ] observed that dsc becomes smaller with lower temperatures. This
indicates that the ratio of the effective spin resistance of YIG to that of the Pt contact
increases, causing spins to relax preferentially into the contact and thereby reducing
the extend of µ−.

Flebus et al. developed a Boltzmann transport theory for magnon-polaron spin
and heat transport in magnetic insulators []. Here we implement the salient fea-
tures of magnon-polarons into our finite element model. We observe that when the
combination of gs, λm, σm, tYIG and d is such that the detector is probing the de-
pletion region, i.e. µ−, the magnon-polaron resonance causes enhancement of the
nlSSE signal. Conversely, when the detector is probing µ+ the resonance causes a
suppression of the signal. This cannot be explained by assuming that the only effect of
the magnon-polaron resonance is the enhancement of ζ, as this would simply increase
the thermally driven magnon spin current JmQ and hence enhance both µ− and µ+.
To understand this behaviour, we have to account for the enhancement of σm by the
magnon-polaron resonance as well.

A resonant increase in σm leads to an increased diffusive backflow current Jmd ,
which can lead to a reduction of the magnon spin current reaching the detector
at large distances. We model the effect of the magnon-phonon hybridization by
assuming a field-dependent magnon spin conductivity σm(H) and bulk spin Seebeck
coefficient ζ(H), which are both enhanced at the resonant field HTA. Note that the
field-dependence only includes the contribution from the magnon-polarons [],
and does not include the effect of magnons being frozen out by the magnetic field
[, –] since this is not the focus of this study. The model is used to calculate the
spin current flowing into the detector contact as a function of magnetic field, from
which we calculate the voltage drop over the detector due to the inverse spin Hall
effect. We then vary the ratios of enhancement for σm and ζ, i.e. fσ = σm(HTA)/σ0

m
and fζ = ζ(HTA)/ζ0, where σ0

m and ζ0 are the zero field magnon spin conductivity and
spin Seebeck coefficient and σm(HTA), ζ(HTA) are these parameters at the resonant
field. The ratio of enhancement δ = fζ/fσ is crucial in obtaining agreement between
the experimental and modelled data. To change delta, we fix fζ = 1.09 and vary fσ .
The value for fζ is comparable to the enhancement in ζ calculated from theory for low
temperatures [].

. comparison between model and experiment

Figure . shows a comparison between the distance dependence of V 0
nlSSE and VTA

obtained from experiments (Fig. .a) and the finite element model (Fig. .b and c)
at room temperature. In Figure .a, V 0

nlSSE shows a change in sign around d = 4µm,
while VTA has a positive sign over the whole distance range. Fig. .b shows the
model results for V 0

nlSSE (red), and the voltage measured at H =HTA for δ = 2 (green)
and δ = 0.5 (purple). While the voltage obtained from the model is approximately
one order of magnitude lower than in experiments, the qualitative behaviour of the
experimental data is reproduced. In particular, the modelled dsc approximately agrees
with the experimentally observed distance.

For δ = 2, the modelled voltage at HTA is always enhanced with respect to V 0
nlSSE

(for d < dsc, V (HTA) < V 0
nlSSE and for d > dsc, V (HTA) > V 0

nlSSE). This is not consistent
with the experiments as it leads to a sign change in VTA, which is defined as VTA =
V 0
nlSSE −V (HTA), as can be seen from Fig. .c.
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Figure .: (a) Distance dependence of V 0
nlSSE and VTA (inset) measured at room temperature.

The dashed line in the inset is an exponential fit to the data. V 0
nlSSE changes sign around d = 4µm,

while VTA remains positive. (b) Calculated distance dependence of VnlSSE at zero magnetic field (red,
this corresponds to V 0

nlSSE) and at the resonant field for δ = 2 (green) and δ = 0.5 (purple). Here δ
is a parameter that measures the relative enhancement of the spin Seebeck coefficient compared to
the magnon spin conductivity, as explained in the main text. Insets shows the signal decay at long
distances (d ≥ 20 µm) on a logarithmic scale, and for short distances (d ≤ 3 µm) on a linear scale. (c)
Modelled distance dependence of VTA for various values of δ on a linear scale (inset for logarithmic
scale). δ = 0.5 results in a positive sign for VTA over the full distance range with a slope that roughly
agrees with experiments (cf. insets of Figure (a) and (c)). Reducing δ further leads to a more gradual
slope for VTA. In the simulations, the SSE enhancement is fζ = 1.09, while fσ is varied with δ.

However, for δ = 0.5, V (HTA) is enhanced with respect to V 0
nlSSE for d < dsc but sup-

pressed for d > dsc. This results in a positive sign for VTA over the full distance range,
comparable to the experimental observations. The full magnetic field dependence
obtained from the model can be found in Appendix ... As can be seen from the
inset in Fig. .c, δ = 0.5 results in a decay of VTA with distance which is comparable
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to the experimentally observed VTA(d) (inset Fig. .a). We fitted the data for VTA
obtained from both the experiments and the simulations to VTA(d) = Aexp−d/�TA,
where A is the amplitude and �TA the length scale over which VTA decays. From the
fits, we obtain �

exp
TA = 6.3±1.2 µm and �simTA = 10.6±0.1 µm at room temperature, where

we have fitted to the model results for δ = 0.5. From the simulations, we find that �TA
is influenced by the value used for δ, where a smaller δ leads to a longer �TA. This
could indicate that δ has to be increased slightly to obtain better agreement between
�
exp
TA and �simTA .

Therefore, in order to explain the observations, 0.5 < δ < 1, i.e. the relative
enhancement due to magnon-phonon hybridization in σm has to be larger than that
of ζ. �

exp
TA is enhanced at low temperatures (see Appendix .. for the distance

dependence of VTA at low temperatures). This could indicate that δ decreases with
decreasing temperatures. For further discussion we refer to Appendix ...

The model results depend sensitively on gs. A larger gs reduces the dsc observed
in the model, so that our model no longer qualitatively fits the distance dependence
of VnlSSE obtained in experiments. As a consequence, the δ needed to model the
resonant suppression of the signal at HTA for long distances decreases further, which
would imply that the enhancement in σm is much stronger than that in ζ. Such a
strong enhancement in σm should result in a clear magnon-polaron resonance in the
electrically generated magnon spin signal, whereas we observed only a small effect
here (see Fig. .a). This is an indication that our choice of reducing gs compared to
our previous work is justified.

. discussion

We report resonant features in the nlSSE as a function of magnetic field, which we
ascribe to the hybridization of magnons and acoustic phonons. They occur at magnetic
fields that obey the “touch” condition at which the magnon frequency and group
velocity agree with that of the TA and LA phonons. The signals are enhanced (peaks)
for short injector-detector distances and high temperatures, but suppressed (dips)
for long distances and/or low temperatures. The temperature dependence of the TA
resonance differs from that of the low-field nlSSE voltage, indicating that different
physical mechanisms are involved (this in contrast to the local SSE configuration). The
sign of the nlSSE signal corresponds to that of the signal in the hiSSE configuration
for distances below the sign-change distance. In this regime the magnon-polaron
feature causes signal enhancement, similar to the hiSSE configuration. For distances
longer than the sign-change distance, the nlSSE signal is suppressed at the resonance
magnetic field.

These results are consistent with a model in which transport is diffuse and carried
by strongly coupled magnons and phonons [] (magnon-polarons). Theory predicts
an enhancement of all transport coefficients when the acoustic quality of the crystal is
better than the magnetic one. Simulations show that the dip observed in the nlSSE
is not caused by deteriorated acoustics, but by a competition between the thermally
generated, SSE driven magnon current and the diffuse backflow magnon current
which are both enhanced at the resonance. More experiments including thermal
transport as well as an extension of the Boltzmann treatment presented in Ref. [] to
D geometries are necessary to fully come to grips with heat and spin transport in
YIG.

Additionally, we observed features in the electrically generated magnon spin signal
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at the resonance magnetic field. This is further evidence that not only the generation
of magnons via the SSE, but additional transport parameters such as the magnon spin
conductivity are affected by magnon-polarons.

The nonlocal measurement scheme provides an excellent platform to studymagnon
transport phenomena and opens up new avenues for studying the magnetoelastic
coupling in magnetic insulators. Finally, these results are an important step towards
a complete physical picture of magnon transport in magnetic insulators in its many
aspects, which is crucial for developing efficient magnonic devices.

. appendix

.. Resonances at HTA and HLA

Figure . shows the results of a magnetic field sweep over an extended range (µ0H =
−10 to +10 T) at T = 20 K. Resonances stemming from the hybridization of magnons
with phonons in the TA and LA mode can be seen in the data, at µ0H = µ0HTA ≈ 2.5 T
and µ0H = µ0HLA ≈ 9.2 T, respectively.

Figure .: nlSSE measurements over an extended magnetic field range. In addition to the resonant
suppression of VnlSSE at HTA, a second resonance due to the hybridization of magnons with phonons
in the longitudinal acoustic mode can be seen in the data at higher magnetic field amplitude. The
smaller panels show a close-up of the data around H = HTA and H = HLA. Data obtained from
sample S.

.. Distance and temperature dependence of V 0
nlSSE, VTA and λm

Typical low-temperature magnetic field sweeps for different distances are shown in
Fig. ., for T = 10 K. At this temperature, the resonance can be very clearly seen for
all distances. We performed such series of measurements at several temperatures, and
extracted V 0

nlSSE and VTA from each measurement. Figure .a shows the distance
dependence of V 0

nlSSE for various temperatures, displaying only the data from devices
with d > 5 µm (i.e. well beyond dsc). Solid lines in the figure are fits to the expression
V 0
nlSSE(d) = C1 exp(−d/λm), with C1 a constant which parametrizes the magnon gener-

ation and detection efficiency and λm the magnon spin diffusion length. Figure .b
shows the temperature dependence of λm obtained from the fits. λm(T ) found here
approximately agrees with previous results obtained in Groningen [], the main
difference being the observed enhancement of λm to beyond its room temperature
value for T ≤ 10 K. In Ref. [], YIG samples with a film thickness of  nm where
studied and the trend of λm(T ) is approximately the same as what we report here but
does not show an enhancement at low temperatures. The difference in temperature
dependence of λm between thick (. µm) and thin ( nm) YIG films might hint at
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Figure .: Low temperature distance dependence of VnlSSE as a function of magnetic field. Data
obtained at T = 10 K from sample S.

the existence of a spin-sink effect of the GGG substrate at low temperatures. Since Wu
et al. showed [] that GGG can act as a spin current source under the influence of a
thermal gradient, it is expected that it can also sink spin currents in the absence of a
thermal gradient in the GGG. This could lead to a leakage of magnon spin current out
of the YIG film and hence an additional relaxation channel for the magnons. In a thin
YIG sample, the influence of the GGG will be larger than for a thicker sample which
could explain the difference in λm between very thin films [], films of intermediate
thickness which we discuss here and the much longer diffusion lengths found in bulk
YIG at low temperatures by Giles et al. [].

Figure .c shows the distance dependence of VTA at low temperatures. Interest-
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Figure .: (a) Distance dependence of V 0
nlSSE on a logarithmic scale. Solid lines are fits to the

expression V 0
nlSSE = C1 exp−d/λm. (b) Magnon spin diffusion lengths λm(T ) extracted from the fits

in (a). (c) Distance dependence of VTA at low temperatures. Solid lines are again exponential fits to
the data. Data obtained from samples S and S.

ingly, VTA decays much slower than V 0
nlSSE at these temperatures (cf. Fig. .a and

Fig. .c). This is different from the room temperature case presented in Fig. .,
where VTA and V 0

nlSSE show a comparable decay length. The solid lines in Fig. .c are
exponential fits to the data from which we obtain �TA, the characteristic length scale
over which VTA decays. We find �TA = 195± 49 µm at T = 3 K, and comparably long
lengths for T = 20 and 10 K. The precise values should not be taken seriously due to
the large error in the fits, and the fact that we are only probing distances much shorter
than �TA which makes the uncertainty in the estimation of �TA very large. However,
these large values of �TA do show the enhanced decay length of the magnon-polaron
resonance at low temperatures. From the FEM, we find that decreasing δ increases
the length scale �TA, which could indicate that δ decreases as the temperature drops.
The enhanced �TA at low temperatures could also be related to the strongly enhanced
phononic mean free path in YIG at low temperatures [], compared to room temper-
ature. Since the magnon-polarons are composite quasiparticles, an enhanced mean
free path for their phononic constituents could explain their enhancement in decay
length compared to ordinary magnons.
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.. Nonlocal spin Seebeck effect in Groningen YIG

Figure .: VnlSSE as a function of magnetic field for various temperatures, as measured on the
Groningen YIG sample G. The injector-detector separation distance was d = 6.5 µm.

Figure . shows measurement data from the Groningen YIG sample G for a
device with d = 6.5 µm, using the same measurement conventions as depicted in
Fig. .. The magnon-polaron resonance occurs at approximately the same magnetic
field as in the Sendai YIG samples. The resonance peak is less sharp in the Groningen
YIG. However, the qualitative behavior of the resonance is the same in the Sendai
and Groningen YIG. Given the thickness of the YIG film for sample G ( nm) and
the injector-detector separation, we are in the limit where sign(VnlSSE) � sign(VhiSSE).
Consequently, the magnon-polaron resonance causes suppression of the nlSSE signal.
In addition, the temperature dependence of the magnitude of the resonance (VTA(T ))
is comparable for YIG from Sendai and from Groningen.
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.. Nonlinearity of V 0
nlSSE and VTA at low temperatures

Figure . shows the current dependence of the nlSSE signal and the magnon-polaron
resonance dip at T = 3 K and T = 10 K. The nonlinear behavior of V 0

nlSSE and VTA can
be seen from Figs. .a and .c, where the current dependence is no longer linear
for currents Irms > 50 µA. At T = 10 K, both V 0

nlSSE and VTA scale approximately linear
with the current squared. A more detailed investigation is needed in order to establish
the origin of the nonlinearity.

Figure .: Nonlinearity of V 0
nlSSE and VTA at low temperatures. Figs. (a) and (c) show the

current dependence of V 0
nlSSE and VTA for T = 3 K, plotted here vs I2rms. The dashed line is a linear

fit to the data. Inset shows a close-up of the data in the low-current regime (I < 50 µA). Figs. (b) and
(d) show the same current dependencies but now for T = 10 K. Data obtained from sample S.

.. Absence of the magnon-polaron resonance in the current induced spin See-
beck effect

Figure . shows the result of a measurement in the local, current induced spin
Seebeck configuration (ciSSE). In this configuration, the injector is simultaneously
used as a detector, i.e. the current is applied to the same strip over which the voltage
is measured. The sign of the signal in this configuration matches that of the hiSSE
configuration. Interestingly, no resonant features are observed in this configuration,
contrary to the hiSSE and nlSSE configurations.
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Figure .: (a) Measurement configuration for the ciSSE configuration. Current and voltage leads
are connected to the same strip. (b) Measurement results for the second harmonic voltage as a function
of the magnetic field. The angle α = 90◦. Insets show close-ups of the data in the regions where the
magnon-polaron resonance is expected, i.e. around |H | = HTA. However, no resonant features are
observed in the data. Measurement was performed at T = 8.75 K, and a constant background voltage
Voff = 226 µV was subtracted from the data. Data was obtained from sample G.

This might be due to the fact that the signal to noise ratio in the ciSSE configuration
is typically smaller than in the hiSSE or nlSSE configuration. In the data in Fig. .b,
V 0
ciSSE = 14.6 µV while the r.m.s. noise level is approximately Vrms ≈ 228 nV, which

translates in a peak-to-peak noise of Vpp ≈ 1.1 µV. This signal-to-noise ratio is much
lower compared to the hiSSE data in Fig. .d, which shows V 0

hiSSE = 9.6 µV at a
noise level of Vrms ≈ 40 nV. Since the magnitude of the magnon-polaron resonance is
typically VTA < 1 µV, the fact that we do not observe any magnon-polaron resonance
features in the ciSSE data could be due to the fact that VTA is smaller than the noise
floor in the ciSSE configuration.

.. Modelled magnetic field dependence

Figure . shows the magnetic field dependence of the nlSSE signal as obtained from
the FEM for short (d = 1 µm), intermediate (d = 8 µm) and long (d = 20 µm) distance
and for δ = 2.0 (top panels) and δ = 0.5 (bottom panels). The experimentally observed
behavior, i.e. signal enhancement for short distance and signal suppression at long
distance, is reproduced for δ = 0.5 but not for δ = 2.0. Note that only the magnon-
polaron contribution [] to the magnetic field dependence is included, neglecting
the signal reduction resulting from the freeze out of magnons at large magnetic fields.
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8
SPIN-CURRENT-CONTROLLED MODULATION OF
THE MAGNON SPIN CONDUCTANCE IN A
-TERMINAL MAGNON TRANSISTOR

ABSTRACT

Efficient manipulation of magnon spin transport is crucial for developing magnon-
based spintronic devices. In this chapter, we provide proof-of-principle of a method
for modulating the diffusive transport of thermal magnons in an yttrium iron garnet
channel between injector and detector contacts. The magnon spin conductance of the
channel is altered by increasing or decreasing the magnon chemical potential via spin
Hall injection of magnons by a third modulator electrode. We obtain a modulation
efficiency of 1.6%/mA at T = 250K. Finite element modelling shows that this could be
increased to well above 10%/mA by reducing the thickness of the channel, providing
interesting prospects for the development of thermal-magnon-based logic circuits.

Published as: L.J. Cornelissen, J. Liu, R.A. Duine, B.J. van Wees, Spin-current controlled modulation of the
magnon spin conductance in a -terminal magnon transistor, Physical Review Letters, ,  ()
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. introduction

In a field effect transistor (FET), the conductance of a semiconducting channel can be
tuned by changing the density of charge carriers, via the application of an electric
field []. The FET proved to be an extremely powerful device for both for signal am-
plification and logic operations, and has become ubiquitous in present day electronics.
Recently, the prospect of encoding, transporting and manipulating information in
solid state devices based on magnons has sparked an intense research effort in the
field of magnonics [–]. However, the task of manipulating information carried by
magnons remains formidable.

On the one hand, low-frequency magnons propagating coherently are appealing,
since they allow for on-chip access to wave phenomena like interference [–]. On
the other hand, incoherent, high-frequency thermal magnons propagating diffusively
are promising, since they can be effectively interfaced with conventional electronics
and are high-fidelity carriers of spin []. To develop magnon-based spintronic devices,
efficient manipulation of magnon transport is crucial. Here we show that the magnon
spin conductance of a magnetic insulator film can be tuned by changing the magnon
density in that film, demonstrating an operating principle similar to the FET for
electronic transport.

Thermal magnons can be excited and detected in the linear regime via spin-flip
scattering of conduction electrons at a heavy metal|magnetic insulator interface [–].
They can also be excited by applying a thermal gradient to the magnet, via the spin
Seebeck effect (SSE) []. The SSE drives a magnon spin current in response to the
thermal gradient, which generates a voltage in an adjacent heavy metal layer and can
be detected both in a local [–] or nonlocal [–] configuration. Manipulation
of coherent magnon transport can be achieved for instance in magnonic crystals [],
which was used to realize the first magnon transistor []. Alternatively, damping
compensation via spin transfer torque can be used to manipulate coherent magnon
propagation [–]. Methods for the manipulation of thermal magnon spin transport
have not been demonstrated to date.

. experimental concepts

Ganzhorn et al. reported a linear superposition of magnon spin signals in a multi-
terminal injection and detection device []. Here we go beyond the linear regime
to achieve control over magnon spin signals, and provide proof-of-principle for the
manipulation of thermal magnon transport by tuning the magnon spin conductivity
σm in a three-terminal device on yttrium iron garnet (YIG). Similar to electron trans-
port in metals and semiconductors, the conductance of a magnon channel depends
on the magnon density. For electrons, this is captured in the Drude formula for the
conductivity [, ], σe = e2neτe/me. Here, ne is the free electron density, −e, me the
electron charge and effective mass and τe the scattering time. For magnons in thermal
equilibrium, the spin conductivity (in units of /m) is []:

σm = 4ζ (3/2)2
1
�
Jsτm
Λ3 , (.)

where Js is the spin wave stiffness, Λ the thermal magnon deBroglie wavelength, τm
the total momentum scattering time, ζ the Riemann zeta function and � the reduced
Planck constant. For an out-of-equilibrium magnon gas, the density is no longer
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Figure .: (a) Colorized SEM image of device G, electrical connections indicated schematically.
Arrows mark charge current flow in the circuit. (b) a sketch of the device, with schematic side-views
of the modulator|YIG interface for positive (negative) dc currents. When the magnetic moment of the
spin accumulation µs in the modulator is anti-parallel (parallel) to the YIG magnetization MYIG, µm
and hence nm in the channel is increased (decreased). Consequently, the magnon spin conductance
from injector to detector is increased (decreased).

given by nm = 2ζ (3/2)2 /Λ3, but depends on both chemical potential and temperature,
so that nm = nm(µm,T ). For a parabolic dispersion �ω = Jsk

2 the effective mass is
mm = �2/(2Js). Thus, the out-of-equilibrium magnon spin conductivity becomes:

σm = �
nmτm
mm

, (.)

which is similar to the Drude formula and shows that σm can be tuned via the magnon
density nm.

The devices were fabricated on 210nm thin YIG () films, grown epitaxially
on a GGG substrate. Three platinum electrodes are sputtered on top: an injector,
modulator and detector contact. Injector and detector have a width of 100nm, the
modulator width is 1 µm. The center-to-center injector/detector is 1.5µm, the edge-
to-edge distance between modulator and side contacts is 200nm. Three devices with
different length and thickness of the Pt contacts were studied. For sample G and
G, the contact length lpt = 12.5µm and thickness tpt ≈ 7nm whereas for sample G
this is 100µm and 10µm, respectively. The electrodes are contacted by Ti/Au leads
to make electrical connections to the device. A SEM image of device G is shown
in Fig. .a, with current and voltage connections indicated schematically. Nonlocal
measurements are carried out by rotating the sample in a magnetic field H to vary the
angle α between the Pt electrodes and the YIG magnetization (Appendix, Sec. .. for
magnetization characteristics). A low frequency (ω/(2π) < 20Hz) ac current is applied
to the injector while the first (V 1ω) and second (V 2ω) harmonic response voltages
are measured at the detector. All data shown in the main text of this manuscript
were obtained from device G, the results for devices G and G are presented in the
Appendix, Sec. ... All devices were fabricated on YIG samples cut from the same
wafer.
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Figure .: (a), (b), (e), (f) [(c), (d), (g), (h)] first and second harmonic voltage for a positive
(negative) dc modulator current, as a function of α. Raw data is presented in figures (a) and (c) for
the first harmonic, solid lines are sin2(α +φ1ω) fits to the data. For the second harmonic, figures (e)
and (g) show the raw data, fitted by a sin(α +φ2ω) dependence. Panels (b), (d) [(f), (h)] show the
residues (i.e. the data minus the fit) of the first (second) harmonic signal for positive and negative dc
current, respectively. Residues are fitted by a sin3(α +φ1ω) and sin2(α +φ2ω) angular dependence
for the first and second harmonic (solid lines). Residues for Idc = 0 have been subtracted from the data
to exclude effects not induced by the dc current. In figures (a) and (c), a constant offset was subtracted
(see Appendix, Sec. ..). Data obtained for Iac = 100µA.

V 1ω is due to magnons generated electrically via the spin Hall effect (SHE) in the
injector and s-d exchange interaction at the Pt|YIG interface. V 2ω is due to thermally
generated magnons, excited via the SSE in response to the thermal gradient in the
YIG arising from injector Joule heating. The detector signal arises from interfacial
exchange interaction at the detector|YIG interface and the inverse SHE in the detector,
for both V 1ω and V 2ω. In addition to the ac current through the injector, we pass a
dc current through the modulator. This influences the magnon transport channel in
two ways. First, the average device temperature increases due to Joule heating in the
modulator, altering the spin transport parameters. Second, magnons are injected or
absorbed at the modulator|YIG interface, again relying on the SHE and interfacial
spin-flip scattering. Depending on the relative orientation of the YIG magnetization
and the spin accumulation in the modulator, this will increase or decrease the magnon
density in the channel. The dc current will not simply result in a dc offset to V 1ω and
V 2ω, due to the lock-in method we employ (see Appendix, Sec. ..).

The nonlocal voltages are now []:

V 1ω = C1Iacσ
1ω
m (α)sin2

(
α +φ1ω

)
, (.)

V 2ω = C2I
2
acσ

2ω
m (α)sin

(
α +φ2ω

)
. (.)

Here, Iac is the ac injector current, φ1ω (φ2ω) are offset angles in the first (second)
harmonic and the constants C1 and C2 capture the conversions from charge to magnon
spin current and back, for electrical and thermal injection. The conductivity is

σ
1ω(2ω)
m (α) = σ0

m +∆σJ I
2
dc +∆σSHEIdc sin(α +φ1ω(2ω)), (.)
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where Idc is the dc modulator current, σ0
m the spin conductivity of the channel without

dc current and ∆σJ and ∆σSHE parametrize the efficiency of modulation via Joule
heating and spin Hall injection of magnons, respectively. The angular dependence in
the SHE term arises from the projection of the spin accumulation in the modulator
on the YIG magnetization, which determines the efficiency of the magnon injection.
The offset angles φ1ω and φ2ω can result from imperfect alignment of the sample in
the magnetic field and are expected to be equal, so that σ1ω

m and σ2ω
m are the same.

Plugging Eq. . into Eqs. (.) and (.) gives:

V 1ω = A1ω sin2
(
α +φ1ω

)
+B1ω sin3

(
α +φ1ω

)
, (.)

V 2ω = A2ω sin
(
α +φ2ω

)
+B2ω sin2

(
α +φ2ω

)
, (.)

showing that modulator heating affects the amplitude of the nonlocal voltages (the A
parameters), whereas injection of magnons via SHE modifies the angular dependence
of the signals (the B parameters). Consequently, A ∝ I2dc and B ∝ Idc.

. experimental results

Figure . shows nonlocal measurement results as a function of angle for positive
(panels a, b, e, f) and negative (panels c, d, g, h) dc currents and for the first (top row)
and second (bottom row) harmonic, at T = 250K. The raw data is presented in panels
a, c (e, g) for the first (second) harmonic and is fitted using the first terms in Eq. .
(.) to find the amplitude A1ω (A2ω) and phase φ1ω (φ2ω). Then, the residues of the
fits are calculated (i.e. the data minus the fitted curve) which are shown in panels b,f
(d, h) and fitted using the last term in Eq. . (.) to find the amplitude B1ω (B2ω).
This procedure was repeated as a function of Idc to identify the current dependence of
A and B.

Figure .a and .c show the fit results for A1ω and A2ω, from which the quadratic
dependence on Idc can be seen. The sign of the current dependence for A1ω and A2ω is
opposite, because the temperature dependence of electrically and thermally generated
magnon signals has opposite sign[]. We performed thermal modelling to estimate
the temperature increase due to the injected dc current and found that this can be up
to 50K for Idc = 1mA, depending on sample temperature. Such a channel temperature
increase can approximately explain the amplitude change in both first and second
harmonic at T = 250K (see Appendix, Sec. ..). For lower temperatures the first
harmonic modulation is larger than expected from the modelling. Figure .b and
d show the fit results for B1ω and B2ω, which depend linearly on Idc as expected.
The slope dB/dIdc of the B vs Idc curves gives the efficiency of the modulation by
SHE injection of magnons. At T = 250K, we find dB1ω/dIdc = (3.3± 0.2)nV/mA and
dB2ω/dIdc = (3.3± 0.3)nV/mA, with the relative modulation efficiency

η =
dB/dIdc

A0
, (.)

where A0 = A(Idc = 0). We find η = 1.6%/mA (0.7%/mA) for the first (second) har-
monic. The sign of dB/dIdc is consistent with the mechanism sketched in Fig. .b,
which assumes a positive spin Hall angle in platinum [], for all measurements on
sample G. This is also consistent with the sign of the thermally generated voltage:
For the injector-detector distance measured here, the detector probes magnon accu-
mulation [] which results in a positive voltage for positive angles (Fig. .e) in the
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Figure .: (a) [(c)] amplitude of the sin2α oscillation (sinα for (c)) as a function of dc current.
Solid lines are quadratic fits to the data. Figures (b) and (d) show the amplitudes of the sin3α and
sin2α component in the first and second harmonic voltage, respectively. Solid lines are linear fits to
the data. Data obtained at T = 250K. Error bars represent one standard error.

measurement configuration of Fig. .a. For a positive dc current and positive angles,
a positive voltage is observed in the residues for the first harmonic (Fig. .b), meaning
that the number of magnons in the channel is indeed increased by the positive current
in this configuration.

On samples G and G however, we observed a sign change of dB/dIdc in the
first harmonic as a function of the external magnetic field, which is unexpected and
presently not understood. (see Appendix, Sec. ..). The offset angles φ1ω and φ2ω

also showed a dependence on the current, discussed in Sec. ...

. model results

The modulation efficiency can be estimated using a finite element model of our devices
(see Appendix, Sec. .. for details). The magnon chemical potential profile due
to the dc current injection is shown in Fig. .a. A large portion of the magnons is
absorbed by the injector and detector contacts next to the modulator. Subsequently,
we calculate the average chemical potential in the channel induced by the dc current,
µdcm . This is plotted in Fig. .b as a function of the current, for T = 250K.
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Figure .: (a) Magnon chemical potential profile due to the SHE injection of magnons by the dc
modulator current. (b) Average magnon chemical potential in the channel as a function of Idc. (c)
Low-energy part of the magnon spectral density Nm = D(ε)f (µ,T ,ε), for zero dc current (dashed
line) and maximum current (solid line). (d) Magnon chemical potential profile due to the ac injector
current. (e) Modulation efficiency as a function of temperature for a film with tYIG = 210nm. Solid
line shows the simulation results, symbols show the experimental results for the first harmonic. (f)
Relative modulation as a function of Idc, for various YIG thicknesses.

The number of magnons in the YIG is given by

N =
∫ ∞
EZ

D(ε)f (µ,T ,ε)dε, (.)

with EZ = gµBHt the Zeeman energy, D = 1/(4π2)J3/2s
√
ε − gµBHt the magnon density

of states and f =
[
exp

(
ε−µm
kBT

)
− 1

]−1
the Bose-Einstein distribution. Ht =

√
H(H +Ms)

is the total internal magnetic field in the film (for in-plane H). Assuming the magnon
momentum scattering time to be weakly dependent on magnon density, we have from
Eq. ., ∆N/N0 = ∆σm/σ

0
m, where N0 and σ0

m are the number of magnons and magnon
spin conductivity in the absence of a dc current. The low-energy part of the magnon
distribution is plotted in Fig. .c, for Idc = 0 and Idc = 1mA. The conductivity under
modulation is now σmod

m = σ0
m +∆σm, which is used as input parameter to model the

transport of magnons from injector to detector. Note that we have used µ0H = 50mT,
which is larger than the experimental value, because our model is only valid in the
linear regime (i.e. µm smaller than the magnon gap). As µm becomes comparable to
the gap, nonlinear effects may arise, which are discussed further below.

The magnon spin diffusion equation is then solved to obtain the chemical potential
due to the ac current, µacm , shown in Fig. .d. A significant part of the magnon spin
current is absorbed by the modulator, reducing the nonlocal signal in the detector.
The model actually overestimates this absorption, from experiments we observe
that roughly 50% of the spin current is absorbed (see Appendix, Sec. ..). The
modulation efficiency η is calculated by finding the spin current into the detector
as a function of the dc current. η is plotted in Figs. .e as a function of sample
temperature. It is approximately 3%/mA at 300K, overestimating the experimentally
observed efficiency. While the number of magnons injected via the SHE decreases as
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the temperature drops, the total number of magnons is also reduced, therefore the
effect of SHE injection on the conductivity is approximately the same. The model
predicts a sizeable efficiency at 50K, which was not observed in our experiments:
While the fit yields a negative efficiency at T = 50K, the error is large and includes
η = 0. For T < 50K, we did not observe significant modulation of the nonlocal signal.
Note that the experimental data in Fig. .e were obtained from device G, and the
comparison to the model is made for the results from the first harmonic signals.
However, the modulation efficiencies for the first and second harmonic are of the same
order or smaller in devices G and G, so that the model predictions in Fig. .e can
be regarded as an upper bound on the efficiency for the current YIG film thickness.

Figure .f shows theoretical predictions for the relative modulation as a function
of Idc for various YIG thicknesses, demonstrating that a larger modulation can be
obtained by reducing the thickness. This can be understood since the modulator
also acts as a magnon absorber. In thin films, a small change in σm will result in a
significant change in the spin absorption of the contact. Additionally, reducing the
film thickness increases the average µdcm since relaxation of magnons is suppressed.
For tYIG ≤ 50nm, a nonlinear increase in efficiency can be seen at large currents. Here,
the dc magnon chemical potential approaches the magnon gap ∆m ≈ Ez, resulting
in a strong increase in the magnon density. Possibly related nonlinear effects have
recently been observed in nonlocal experiments on extremely thin YIG films [].
On the other hand, recent studies reported a saturation of µm as it approaches the
magnon gap [, ], attributed to the onset of magnon-magnon interactions that
suppress population of low-energy states [, ]. Therefore, future experiments
should explore thinner YIG films to establish whether the nonlinear regime can be
reached.

. conclusion

Summarizing, we observed a dc spin-current driven modulation of the magnon spin
conductance in nonlocal magnon transport experiments in devices consisting of
injector, detector and modulator contacts on YIG films. Via injection of magnons by
the modulator, the magnon density and consequently the spin conductivity of the
channel are modified. Using a finite element model, we explain the efficiency of the
modulation effect which we observed. Based on the model, reducing the thickness of
the YIG channel would be a promising route for further research, as it would increase
the efficiency and could lead to nonlinear modulation effects. In the modulation
of the signal due to electrically generated magnons, an unexpected change of sign
as a function of magnetic field was observed in some, but not all, devices, which is
currently not understood and should be investigated further. These results pave the
way for the development of efficient thermal-magnon based logic devices.

. appendix

In this appendix, we first discuss the measurement results we obtained on sample
G, which were not addressed in the main text of this chapter. In particular, we
will address the magnetic field dependence of the modulation, which is not fully
understood at present. This is discussed in Sec. ... In Sec. .., we show the
temperature dependence of the nonlocal voltages, both in the absence and presence of
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a dc current through the modulator contact. We calculate the temperature rise due
to Joule heating by the dc current in our devices, and find that this can explain the
observed quadratic amplitude modulation of the second harmonic nonlocal voltage
very well. For the quadratic amplitude modulation in the first harmonic signal we find
that the model underestimates the modulation effect, which could indicate that the
modulation is not solely due to Joule heating but that other processes also contribute
here. In Sec. .., we show the dc current dependence of the offset angles φ1ω and
φ2ω and discuss their possible origin. Finally, in Sec. .. we provide the details of
the finite element model that was used to calculate the magnon chemical potential
profiles shown in Fig. .a and .a in the main text. We then briefly discuss the details
of the lock-in measurement scheme we employ in Sec. .. and show the dc current
and temperature dependence of the (constant in angle) background voltage in the
first harmonic in Sec. ... In Sec. .. the absorption of magnons by the modulator
contact is discussed, and finally in Sec. .. the YIGmagnetization switching behavior
is shown.

.. Measurement results from sample G and G

e f

g h

Device G2 Device G3

Figure .: Similar to Fig. . in the main text, but now for sample G (a, b, c, d) and G (e, f, g,
h). (a) and (e) [(c) and (g)] shows the amplitude of the sin2α oscillation (sinα for (c) and (g)) as a
function of the applied dc current. The solid lines are quadratic fits to the data. Figures (b), (f) and (d),
(h) show the amplitudes of the sin3α and sin2α component in the first and second harmonic voltage,
respectively. The solid lines are linear fits to the data. Data obtained at T = 250K and µ0H = 10 mT.

Sample G has a different geometry from sample G (the results of which are
presented in the main text of this chapter) and G, differences being the length
(L2 = 100µm for G vs L1 = 12.5µm for G and G) and thickness (t2 = 10nm for
G vs t1 = 7nm for G and G) of the platinum contacts. The thickness of the YIG
film is the same in all samples (they are fabricated on YIG pieces cut from the same
wafer), as are the widths of the contacts. Since the nonlocal signal scales with contact
length (but inversely with contact thickness), the observed voltages are larger for
sample G. Figure . shows the results for the A and B amplitudes for the first and
second harmonic as a function of dc current, at T = 250K and µ0H = 10 mT. The same
qualitative behaviour as for sample G (cf. Fig. . in the main text) can be observed.

However, in samples G and G a magnetic field dependence of the first harmonic
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modulation was observed which is different from G. As can be seen from Fig. .,
for magnetic fields µ0H > 15mT, the slope of B1ω with respect to Idc changes sign in
sample G, which is unexpected. The slope of B2ω does not show any sign change
within the magnetic field range which we investigated, but shows a relatively weak
dependence on H in all samples, saturating for µ0H > 20 mT. In sample G no
sign change in the first harmonic was observed. Sample G shows a much smaller
modulation in the first harmonic compared to G, while that in the second harmonic is
larger. Clearly, the first harmonic modulation is sensitive to the external magnetic field
as well as the specific device, for instance the quality of the interfaces (the devices
were not fabricated at the same time). The origin of the different behavior in the
first harmonic of samples G, G and G is currently unclear and requires further
investigation.

Figure .: Slope of the modulation amplitudes B1ω ((a)) and B2ω ((b)) with respect to Idc, as a
function of magnetic field, measured on samples G, G and G. The slope dB/dIdc plotted here is a
measure for the modulation efficiency. Data obtained at T = 250 K.

In order to compare the modulation efficiencies in the first and second harmonic
across devices, we calculate the ratio between the different angular dependent com-
ponents, i.e. B/A for both the first and second harmonic, and for device G and G.
In terms of the magnon spin conductivity and the modulation effects due to Joule
heating and spin Hall injection of magnons, B/A is given by

B
A

=
∆σSHEIdc

σ0
m +∆σJ I

2
dc

. (.)

From Fig. .a and .c in the main text it is clear that ∆σJ I
2
dc < σ0

m for the current
range we used, so the ratio B/A scales roughly linear in the dc current. Equation .
holds both for the first as well as the second harmonic, and should be comparable for
both (although not necessarily equal since the modulation for Joule heating works in
the opposite direction for the st and nd harmonic). The ratios should be comparable
for devices with a similar geometry.

Figure . shows the ratios for the different harmonics and devices G and G as a
function of the dc current, in the low magnetic field regime. While not equal, they
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Figure .: Ratio B/A of the modulation efficiency due to spin Hall injection of magnons and Joule
heating, for devices G, G and G and for both the first and second harmonic signals. Errorbars are

calculated according to σB/A = | BA |
√(σA

A

)2
+
(σB
B

)2
, where σA(B) is the standard error in the A (B)

coefficients (represented by the errorbars in Fig.  in the main text and Fig. .). Data obtained for
µ0H = 15 (10) mT for sample G (G, G) at T = 250K.

are in the same order of magnitude for all harmonics and devices which is consistent
with the interpretation of our observations presented in the main text. The largest
deviation can be seen for the ratio B2ω/A2ω for device G, which is partially due to
the fact that the low-field (µ0H = 10mT) data was used in which the modulation of
the nd harmonic is more effective that at slightly larger fields (c.f. Fig. .b).
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.. Signal modulation due to Joule heating

In order to understand the quadratic modulation of the nonlocal signals, i.e. the
influence of Joule heating in the modulator, we estimate the increase of the average
device temperature due to the dc current using COMSOL finite element modeling
of the heat transport in our sample. In addition, we performed measurements as a
function of dc current at various ambient temperatures allowing us to compare the
amplitudes of the nonlocal signals across temperatures, in the presence and absence
of dc current. Figures .a and .b show the amplitudes of the nonlocal first and
second harmonic signals as a function of temperature, for Idc = 0. In terms of the
amplitudes defined in the main text, what is plotted is A(Idc = 0) ≡ A0. A

1ω
0 and A2ω

0
show an opposite temperature dependence, in agreement with previous observations
[].

Figure .: (a) Amplitude of the measured first harmonic nonlocal voltage in the absence of dc
current through middle contact, as a function of ambient temperature T0. (b) Amplitude of the
measured second harmonic nonlocal voltage in the absence of dc current through middle contact.
Experimental data was obtained from device G. (c) Modelled temperature increase in the device due
to Joule heating in the middle contact, as a function of dc current and for various ambient temperatures
T0. (d) Measured change in amplitude of the nonlocal voltage ∆A = A1mA −A0 for both first and
second harmonic signals, compared to the expected change based on the modelled temperature increase
and measurements in the absence of dc current.

Figure .c shows the modeled increase in average channel temperature due to
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the Joule heating by the dc current, for different ambient temperatures T0. The
temperature change for maximal dc current ∆Tmax = Tinj(Idc = 1mA) − T0 is largest
at room temperature, resulting from the temperature dependence of the YIG and
GGG thermal conductivities κYIG and κGGG, which are strongly increased as the
temperature is reduced [, ], with a maximum around T = 30K. This increase in
conductivity causes ∆T to fall as T0 is reduced. Note that the maximal charge current
density which was passed through the modulator contact is jdc = 1.4× 1011Am−2 (for
Idc = 1mA).

We now combine the observations in Figs. .a and .b and the simulation results
in Fig. .c to estimate the amplitude change ∆A = A(Idc = 1mA)−A0 as a consequence
of the temperature change ∆Tmax. The procedure is as follows; for each ambient
temperature T0, we find ∆Tmax so that our effective device temperature at maximal
dc current is now Teff = T0 +∆Tmax. We then interpolate the curves for V 1ω

nl and V 2ω
nl

at Teff and thus find the expected amplitude change as ∆A = Vnl(Teff)−Vnl(T0). This
is done for both the first and second harmonic, and we compare the results with the
measured change in the amplitudes ∆Ameasured. The results are plotted in Fig. .d, in
which the scatterplot shows ∆Ameasured for the first (red) and second (blue) harmonic,
and the solid lines are the expected amplitude changes.

It can be seen that ∆Ameasured for the second harmonic can indeed be explained
via this procedure, which indicates that our thermal modeling is accurate and that
the quadratic part of the amplitude modulation in the second harmonic is indeed
due to Joule heating in the middle contact. However, for the first harmonic the
model underestimates the modulation effect for all temperatures, which indicates that
processes other than an increase in average device temperature due to Joule heating
contribute to the quadratic part of the amplitude modulation in the first harmonic.
For instance, since the actual temperature profile in the device is not uniform, Joule
heating will also drive magnon spin currents due to the spin Seebeck effect (which is
proportional to the temperature gradient). This causes magnon accumulation to build
up (at the YIG|GGG interface), which will increase the magnon spin conductivity in
the channel. This effect is not accounted for in the temperature model, and could be
responsible for the underestimation of ∆A in the first harmonic.

.. Current dependence of the offset angle

In fitting the angle dependent measurement data as shown in Fig. . of the main text,
the offset angles φ1ω and φ2ω were used as free parameters. These offset angles are
typically small and we expect φ1ω = φ2ω, because the offset arises from amisalignment
of the sample with respect to the external magnetic field, which is very difficult to
avoid in our experiments. Unexpectedly, we found that φ1ω and φ2ω also depend on
the dc current, as shown in Fig. .a and .b. Both show a linear dependence on
Idc with an approximately equal slope. At T = 250K, the change in offset angle at
maximal dc current is approximately 1.5°, amounting to a relative change of 0.8%.

A possible origin for this is the Oersted field generated by the dc current. Using
the infinite plane approximation to get a crude estimate for the Oersted field due
to the current in our middle contact yields µ0HOe =

µ0I
2w ≈ 0.6mT at Idc = 1mA. For

an external magnetic field of 15mT, this could indeed result in a tilt of the YIG
magnetization away from the external field on the order of 1° (when the external
magnetic field is collinear with the dc current) which might explain the offset angle,
and would also exhibit a linear dependency on the dc current. However, this scenario
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a b

Figure .: (a) Offset phases φ1ω and φ2ω of the first and second harmonic at T = 293 K. (b) φ1ω

and φ2ω at T = 250 K and µ0H = 15 mT.

would not result in a pure angle shift because the tilt of the YIG magnetization now
depends on the relative orientation of the external magnetic field and the Oersted
field, meaning that it would not be constant in α. On the other hand, the slope of
φ1ω and φ2ω should be reduced as the external magnetic field is increased, which we
indeed observed in our measurements. However, even for external fields as large as
µ0H = 150mT the slope is not completely suppressed, which indicates that the Oersted
field due to the dc current is not the full explanation for the current dependence of
the offset angles.

.. Finite element model description

The D finite element model (FEM) which we use in this study is based on and
described in detail in Ref. []. Magnon spin transport by electrically generated
magnons in the YIG film is described (in electrical units) by:

2e
�
jm = −σm∇µm, (.)

∇2µm =
µm
λ2
m
, (.)

where e is the electron charge, � the reduced Planck’s constant, jm the magnon spin
current, σm the magnon spin conductivity, µm the magnon chemical potential and
λm the magnon spin diffusion length. Note that in order to describe the transport
of thermally generated magnons, both magnon spin and heat currents have to be
considered and the full linear response matrix has to be used, which is done for
example in Refs. [, , ].

The spin currents across the Pt|YIG interface are given by j intm = gs (µs −µm), where
µm is the magnon chemical potential on the YIG side of the interface and µs the spin
accumulation at the Pt side. While the observation of the paramagnetic spin Seebeck
effect on GGG [] indicates that GGG can support spin excitations, this only holds at
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low temperature and large magnetic fields. Given the fields and temperatures used in
our experiments, we assume that the spin current flowing into the GGG vanishes.

The spin accumulation due to the current flowing in the platinum contacts (either
the injector or modulator contact) is calculated using:

µs =
2θSHjc

σe
tanh

[
tpt/(2λs)

]
, (.)

and this is used as a boundary condition on the bottom of the contact. Here, θSH = 0.11
is the spin Hall angle in Pt, λs = 1.5 nm the spin relaxation length in Pt, σe(T ) is the
(temperature dependent) electrical conductivity and jc the charge current density. For
the geometry of sample G and a dc current of Idc = 1 mA, we find µs = 20 µV. The
YIG film in the model is 500 µm wide, which is much larger than λm, to avoid finite
size effects. The YIG thickness is varied, where we used thicknesses ranging from 10
nm to 1 µm. The Pt contacts are all  nm thick and  nm (injector and detector) or
 µm (modulator) wide.

The temperature dependence of the following parameters was included in the
model: The electrical conductivity of platinum was obtained from resistivity mea-
surements, with a room temperature value of σe = 1.9× 106 Sm−1. The temperature
dependence of the magnon spin conductivity and magnon spin diffusion length was
obtained from our previous work in Ref. [], where the room temperature values
are taken to be σm = 3.4× 105 Sm−1 and λm = 9.4µm, respectively. The spin Hall
angle and spin diffusion length in platinum are θSH = 0.11 and λs = 1.5nm and were
assumed to be constant with temperature, which is reasonable as they depend on tem-
perature relatively weakly in the regime we are investigating []. The temperature
dependence of the effective spin mixing conductance is assumed to follow a (T /Tc)3/2

dependence [], with a room temperature value of gRTs = 3.4× 1011 Sm−2 which is
the same as in our recent work [].

As described in the main text, the model is first used to find the average µm in the
YIG channel due to the spin Hall injection of magnons by the dc current through the
modulator. To this end, Eq. . is used to find µmod

s , the spin accumulation in the
modulator contact, which is used as a boundary condition in the model. The model
then solves for the chemical potential profile and we average µm over the channel
region, i.e. in the YIG between the injector and detector contact.

Following the procedure in the main text, we then calculate the change in the
magnon spin conductivity due to the elevated chemical potential. The final step is
then to run the FEM again and find the nonlocal signal from injector to detector. To
that end, Eq. . is used to find µ

inj
s which is set as a boundary condition at the

injector|YIG interface, and the magnon spin conductivity in the model is set to σmod
m .

The model is solved to find the magnon chemical potential profile and the average
spin current density into the detector contact

〈
js
〉
is calculated. From this, the nonlocal

voltage can be found using Vnl = θSH
〈
js
〉
/σe.

.. Lock-in measurement technique

All measurements reported in this manuscript were performed using lock-in ampli-
fiers. A lock-in amplifier can be used to extract a signal at a certain carrier frequency
from a noisy background environment. The lock-in system is only sensitive to a very
narrow bandwidth around the carrier frequency to minimize the contribution of e.g.
white noise, interference and 1/f noise to the measurements.
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In our measurements, the current applied to the injector is modulated by a lock-in
system at the carrier frequency ω (typically, ω/(2π) < 20Hz). The response voltage at
the detector can be written as follows:

V (t) = R1I(t) +R2I
2(t) +R3I

3(t) + ... , (.)

where I(t) =
√
2I0 sinωt is the applied injector current and Rn is the nth harmonic

response. The lock-in system measures the nth harmonic voltage Vnω by multiplying
V (t) with a reference sine wave at the same phase and frequency as the injected
current, and integrating over time. Vnω is then given by

Vnω =

√
2
τ

∫ t

t−τ
sin(nωs +ϕ)V (s)ds, (.)

where ϕ is the phase of the reference and τ is the integration time. Plugging Eq. .
into Eq. . and performing the integration for the st, nd and rd harmonic voltage,
it can be found that

V 1ω = I0R1 +
3
2
R3I

3
0 , for ϕ = 0°, (.)

V 2ω =
1
√
2
I20R2, for ϕ = −90°, (.)

V 3ω = −1
2
I30R3, for ϕ = 0°. (.)

The rd order contribution to the st harmonic voltage is generally much smaller than
the linear response in our devices and measurement regime, and is therefore neglected
(we did initially verify this assumption by simultaneously recording the st, nd and
rd harmonic voltages).

From Eq. . it is clear that any dc voltage over the detector does not contribute to
the harmonic response voltages measured by the lock-in. Taking the linear response
as an example, the magnons generated by the modulator contact when a dc current is
passed through that contact will be absorbed by the detector and generate a dc ISHE
voltage. However, this voltage is constant over the integration time of the lock-in and
hence drops out when the integral in Eq. . is performed. Hence, the dc current
does not directly alter the observed harmonic voltages, but only via the influence it
exerts on the transport of magnons generated by the ac current.

.. Current and temperature dependence of the offset voltage

As mentioned in the main text, a constant (in angle) offset voltage was subtracted from
the angular dependent data shown in Fig. . This offset depends on dc current, sample
temperature and frequency of the excitation current. It is plotted as a function of dc
current and for various temperatures in Fig. .. The offset voltage can be fitted using
V = αI2dc + β, where the quadratic part α is due to thermal effects (driven by Joule
heating in the modulator), such as the ordinary Seebeck effect at the junctions between
the platinum contact and the titanium|gold leads. The constant part β furthermore
depends on frequency, and is likely caused by capacitive coupling between injector
and detector, since it vanishes for very low frequencies.



8

. appendix 

Figure .: Offset that was subtracted from the first harmonic voltage, as a function of dc current
and for different temperatures. Solid lines are a fit of the form V = αI2dc + β to the data.

.. Magnon absorption by the modulator contact

We have investigated the magnon spin transport as a function of modulator width,
without any dc current applied to the modulator. In this case the modulator acts as a
magnon absorber and the nonlocal signal should be increasingly suppressed as the
modulator width is increased. The results are shown in Fig. .. As discussed in the
main text, signal suppression by the modulator is characterized by the attenuation

length L and as themodulator width increases, the nonlocal voltage scales asV 1ω (2ω)
nl =

V
1ω (2ω)
0 exp(−w/L). The data in Fig. . was fitted to this expression for both the

first and second harmonic voltage, and we found L1ω = (1.7± 0.4)µm and L2ω =
(1.69± 0.35)µm, respectively. From Fig. ., it is clear that for a modulator width
w = 1µm, the nonlocal signal is reduced by approximately a factor 2 for both first and
second harmonic, i.e. approximately 50% of the magnon spin current is absorbed by
the modulator contact for this width, instead of reaching the detector contact. Clearly,
this is one of the main drawbacks of our device compared to the FET for electronic
transport.

The value for L is actually not fully consistent with our model, since it should be
given by L =

√
σmtYIG/gs which using our modeling parameters at room temperature

gives Lmodel = 0.5µm. The model therefore overestimates the modulator magnon
absorption, implying that the absolute value of the nonlocal signal that the model
predicts will not be accurate. However, the relative modulation efficiency calculated
by the model (i.e. Figs. .e and .f of the main text) is only weakly affected, since the
modulator attenuation scales only with

√
σm and hence does not change significantly

for the small changes in σm induced by the dc current.
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a b

Figure .: Nonlocal first (a) and second (b) harmonic voltages as a function of modulator width,
in the absence of dc current. Data obtained at room temperature. Solid lines are a fit of the data to the

expression V
1ω (2ω)
nl = V

1ω (2ω)
0 exp(−w/L).

.. YIG magnetization characteristics

The saturation magnetization of the YIG film is µ0Ms = 180mT, with a very small in-
plane coercive field µ0Hc < 1mT. Hc was determined by recording the nonlocal spin
Seebeck voltage as a function of the external magnetic field, for various magnitudes
of the dc current through the modulator. The results are shown in Fig. .. The
measurement was performed in a device fabricated on a piece of YIG cut from the
same wafer as samples G and G, in a device geometry equal to that of G. The spin
Seebeck effect is a probe of the (local) magnetization and therefore sensitive to for
instance domain formation or other magnetic textures that arise in the film [].

The abrupt jump in the signal at the (positive and negative) coercive field that can
be seen in Fig. . shows that the YIG magnetization switches as a single domain,
at least in the vicinity of the injector and detector, which is the relevant magnetic
volume for the devices we study here. Upon comparing Figs. .a, .b and .c, it
is clear that the Oersted field stemming from the dc current through the modulator
does not significantly affect the magnetization switching behavior of the YIG film.
The reduction in amplitude of the signal for finite dc current results from the Joule
heating in the modulator (compare Figs. .a and .c to the zero dc current case
in Fig. .b). The subsequent increase in average device temperature causes the
nonlocal spin Seebeck voltage to decrease.
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9
CONCLUSIONS & OUTLOOK

ABSTRACT

In this final chapter, we discuss the main conclusions that were drawn from the re-
search in this thesis and identify pertinent open questions in the field of magnon
spintronics. We also provide an outlook on future experiments and possible applica-
tions for magnon spintronic devices.
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. conclusions

While the research described in this dissertation is very fundamental in nature, it
has implications that can be interesting for future applications. Hence we take two
different perspectives in summarizing the conclusions from thesis: An applied and a
fundamental perspective.

.. Applied perspective

From an application point of view, the most interesting result of this work is that
incoherent magnons can be used as high-fidelity carriers of information []. As such,
they present an alternative to commonly used information carriers in modern-day
technology such as photons or electrons. The main benefit of the magnon excitation
and detection method we developed in this work is that electronic information can
be converted into magnon spin information in a relatively straightforward manner,
using simple dc electronic currents. This enables magnonic information processing
elements to be integrated with standard silicon-based technology, which is a critical
point at least in the first stage of developing useful magnon-based devices.

Due to this simple excitation scheme and the long magnon spin diffusion length
in YIG, one could envision for instance magnonic interconnects to connect parts of
an integrated circuit which are spatially and galvanically separated. The information
is then encoded in different state variables according to the following conversion
pathway: Electron charge→ electron spin→magnon spin→ electron spin→ electron
charge (chapter ). One of the main technological challenges to this approach is
the relatively low conversion efficiency between the different parts of the pathway,
for instance the conversion from electron charge to electron spin (via the spin Hall
effect) already incurs a signal loss of one order of magnitude in current state-of-the-art
materials. Increasing this efficiency is a critical step for this scheme to become viable.
The transport of magnons itself is actually reasonably efficient (chapters  and ),
characterized by a spin conductivity which for magnons in YIG is roughly 20% of
that for electrons in platinum (at room temperature).

The spin Seebeck effect enables an additional conversion pathway: Heat→magnon
spin→ electron spin→ electron charge. Here, heat can serve as a source of a magnonic
spin current, which could then in turn be used to switch a magnetic memory cell
via magnonic spin transfer torque (in Sec. .. we discuss this in further detail)
rather than encode information directly in the heat current. The latter is not feasible
since heating is generally a rather slow process, too slow to provide the required
switching frequencies of several GHz. Therefore, one could envision a constant heat
source providing a certain constant magnon spin current, which can then be locally
manipulated (i.e. via a magnonic analogue of the transistor) to selectively switch the
multiple magnetic free layer of one, or multiple, memory elements.

In chapter , we showed that such manipulation of the magnon current is possible,
for both thermally and electrically generated magnon currents�. This in principle
enables the selective switching we propose here, provided that the modulation effi-
ciency can be increased sufficiently†. In addition, it adds interesting possibilities to

� This is due to the fact that the transport parameter which is modulated is the magnon spin conductivity,
which governs magnon diffusion regardless of the origin of the magnons.

† In chapter  a modulation on the order of 1% was achieved, which is obviously not sufficient to
provide the desired degree of control over the magnon spin current. However, this efficiency could for
instance be increased by reducing the channel thickness.
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the interconnect scheme outlined above for electrical magnon generation: Rather than
only using magnons to transmit information, we can even envision performing logic
operations in the magnon part of the pathway.

.. Fundamental perspective

From a fundamental point of view, the main conclusion of this work is the fact that
the magnon chemical potential is an essential ingredient for describing the magnon
system, rather than the magnon temperature alone []. This we demonstrated in chap-
ter , based on both theoretical estimates for the relevant temperature and chemical
potential relaxation lengths, as well as a circuit model analysis of the experimentally
observed nonlocal magnon spin transport signal. Relying on temperature alone, such
a model turns out to underestimate the nonlocal signal by orders of magnitude. In
addition, we showed that the magnon chemical potential can be manipulated by
applying an electron spin accumulation at the boundary of the magnetic system. Via
the interfacial exchange interaction, the magnonic and electronic (spin dependent)
chemical potentials are coupled and hence provide the boundary condition for the
electron spin→magnon spin conversion. The linear response Boltzmann transport
theory that we set up in chapter  to describe the magnon spin transport in magnetic
insulators is very similar to the two-channel theory describing electronic spin trans-
port in metals or semiconductors. Interestingly, this shows that the diffusion of spin in
any material progresses in a similar manner, regardless of the (bosonic or fermionic)
nature of the spin carriers [].

Furthermore, in chapter  we showed unambiguously that the magnon spin diffu-
sion length is suppressed as the magnetic field increases []. A possible explanation
for this is that the magnetic field shifts the magnon dispersion towards higher energies
(as explained in chapter ), causing the average magnon lifetime to decrease which
in turn causes the spin diffusion length to go down as well []. This “freeze out” of
low-energy magnons as a consequence of the magnetic field was also observed in local
spin Seebeck measurements [, ], yet our nonlocal measurement technique provides
a much more direct way of measuring the influence on the diffusion length.

In chapter , we have investigated the temperature dependence of magnon trans-
port in yttrium iron garnet (YIG). The temperature dependence of electrically gener-
ated magnon spin signals can be captured by our finite-element model [], and the
low-temperature behavior of the magnon spin conductivity follows a T 3/2 trend in
accordance with the Bloch law (see chapter ). However, the temperature dependence
of the thermally generated nonlocal magnon spin signal is much more complicated
and not well understood at the moment. For short distances, the signal exhibits a sign
change as a function of temperature [] while for long distances the signal shows a
monotonous, non-linear increase as the temperature decreases [].

In addition, the magnon spin diffusion length in thin films is relatively insensitive
to temperature, being reduced by a factor of less than  at low temperature compared
to its room temperature value. However, for thicker films the picture changes and the
spin diffusion length is actually strongly enhanced at low temperatures []. Uncover-
ing the origin of this dependence on film thickness is one of the research challenges
currently standing, and is discussed further in the next section as one of the open
questions in the field.

Finally, the magnon-phonon coupling plays an important role in the physics of
magnon transport. It is an essential ingredient of the spin Seebeck effect and markedly
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affects the transport parameters of the system, especially in the strong-coupling
regime. For particular values of the external magnetic field, a significant fraction of the
magnon population is strongly coupled to phonons, resulting in hybrid quasiparticles
known as magnon-polarons. This causes a resonant enhancement (or suppression) of
both the local and nonlocal spin Seebeck signals when the phonon lifetime is different
from the magnon one. In chapter , we show that the nonlocal spin Seebeck signal can
be both enhanced or suppressed at the resonant magnetic field (depending on sample
geometry and temperature), due to the competition between thermal generation and
diffusive backflow of magnons. In particular, when the phonon lifetime is larger
than that of the magnons, both the magnon spin conductivity and the spin Seebeck
coefficient are enhanced by magnon-polaron formation [].

. open questions in incoherent magnon spintronics

Thanks to the progress made in the field of magnon spintronics, various new research
questions have arisen in recent years. Some of them are solved, some of them remain
to be addressed. Here, several of those standing issues are discussed.

.. Yttrium iron garnet thickness

As mentioned in the previous section, the thickness of the YIG film plays an important
role for magnon spin transport. Two key questions related to this remain. On the
one hand, in thicker (i.e. several micrometer) films the spin diffusion length is
strongly enhanced at low temperatures compared to that in thin (several hundreds of
nanometers) films. This could indicate that the substrate (gadolinium gallium garnet
or GGG) acts as a spin current sink at these low temperatures. Assuming that the
intrinsic magnon spin diffusion length of YIG is large at low temperature, such a
spin-sink effect could suppress the observable diffusion length because it provides
an additional relaxation channel for the magnon spin. In thin films the effect of the
substrate is larger than in thicker films, which means that the spin diffusion length
measured in thick films is closer to the intrinsic one. It has been shown that GGG can
act as a spin current source at low temperatures when subject to a thermal gradient
[], so due to reciprocity a spin-sink effect of GGG is also likely to exist. However,
more systematic research is needed to establish the exact role of the substrate.

On the other hand, increasing the YIG film thickness leads to a surprising effect at
room temperature. In particular, for electrical magnon generation, our model predicts
an increase in the nonlocal signal as the film thickness increases (at least in the regime
where the thickness and injector-detector distance are smaller than the magnon spin
diffusion length). However, our measurement results show an opposite trend [],
which is not understood at the moment. This might indicate that effects due to a
finite viscosity of the magnon gas have to be included in the theory, similar to what
was recently shown to be the case for electron transport in graphene for intermediate
temperatures []. In principle this hydrodynamic limit should be reached when
the magnon-magnon interaction sets the smallest length scale in the problem (i.e.
the magnon-magnon scattering length is smaller than the device dimensions and the
inelastic mean free path), which we estimate to be the case in YIG at room temperature
(see chapter ). The implications of such a viscous magnon flow have to be studied
further to establish whether this could explain the unexpected influence of the film
thickness on the magnon transport.
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.. Magnon spectrum

The precise spectrum of the magnons excited via the dc spin Hall effect is another
subject that calls for further investigation. In our current description, magnons of all
energies (up to approximately �ω = kBT ) are excited and participate in spin transport.
As a consequence, the chemical potential of the magnon system locally increases.
While this theory has been rather successful in describing the experimental results,
the transport experiments that we carry out do not provide the energy resolution
that is required to verify these underlying assumptions. A different experimental
technique such as microfocused Brillouin light scattering could provide the desired
wavevector and energy resolution [] to resolve this issue.

.. Interaction between coherent and incoherent magnons

Another subject of interest is the possible interaction between coherently generated
(via ferromagnetic resonance, FMR), low-frequency magnons and incoherent ther-
mal magnons. Du et al. provided the first evidence that spin angular momentum
can be transferred from the coherent to the incoherent population via the so-called
thermomagnonic torque [], by observing that bringing the system in resonance also
increases the chemical potential of magnons at frequencies different from the FMR
frequency. This is interpreted as being due to the pumping of thermal magnons in the
incoherent population by the FMR induced coherent magnons. Such a mechanism
could provide another route to manipulate magnon spin transport, aside from the
method we demonstrate in chapter  and is therefore highly relevant for further
investigation. Very recent results from Liu et al. (unpublished) indicate that efficient
manipulation of the transport of incoherent magnons might indeed be achievable by
bringing the channel in FMR.

.. Material classes

Naturally, the question arises in how far magnon spin transport can be realized in
different classes of materials. It has been demonstrated so far only in ferrimagnets such
as YIG (both crystalline and amorphous []), nickel ferrite [] and gadolinium iron
garnet [], so clearly a wealth of other interesting materials for further exploration
remains.

Antiferromagnetic insulators

One other material class that comes to mind would be antiferromagnets, which are
interesting materials for information processing applications due to their robustness
to external magnetic field and naturally high spin wave frequencies. A theoretical
study from  by Cheng et al. [] predicts spin pumping and spin transfer torque
in antiferromagnets of a similar magnitude as in ferromagnets, which would enable
antiferromagnetic magnon spin transport to be observed in a similar experimental
geometry as was employed in this thesis. However, recent work by Kamra and Belzig
predicts vanishingly small spin pumping currents when the antiferromagnetic|normal
metal interface coupling is symmetric (as is generally the case for disordered interfaces)
[]. Experimental work involving localmeasurements on spin Hall magnetoresistance
[] and the spin Seebeck effect [] in antiferromagnets, as well as more recent
theoretical work by Bender et al. [] does suggest that a nonlocal spin transport
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experiment on an antiferromagnet would also be possible. Further experimental
investigation in this direction is needed to resolve this standing issue.

Paramagnetic insulators

The observation of spin transport in amorphous YIG by Wesenberg et al. [] (which
exhibits no long range magnetic order) begs the question whether spin transport is
limited to magnetically ordered materials, or whether transport relying only on local
magnetic correlations (mediated via the exchange interaction) is indeed possible. The
work of Wesenberg et al. suggests the latter, and very recent experimental work by
Oyanagi et al. (unpublished) suggests that spin transport in bare GGG substrates can
be realized, using the same nonlocal geometry as we employ in this thesis. While still
a very young research direction in the field, spin transport in paramagnetic insulators
certainly holds promise for applications and rapid progress can therefore be expected
in this area.

. outlook

In this section we suggest two experiments that are not designed to answer one of the
open questions above, but are extremely relevant from an application point of view
and can be realized in the near future.

.. Transport and control in the nonlinear regime

The recent observation by Thiery et al. that magnon spin transport in nonlocal
experiments can be pushed to the nonlinear regime if the YIG films are sufficiently
thin (i.e. around 20nm) [] opens up very interesting possibilities. In particular,
the experiments reported in chapter  should be repeated on such thin YIG films
in order to establish whether the modulation of the magnon spin conductivity also
extends to the nonlinear regime. In principle, if the modulation efficiency can be
sufficiently increased even a full pinch-off of the channel should be possible, such
that no magnon spin current is transmitted from injector to detector. This would then
enable full control over the spin current, which is highly relevant for applications.
Growing such extremely thin YIG films of sufficient quality is very challenging and
not many research groups can do this. Nevertheless, because Thiery et al. have already
proven it possible to achieve the desired quality and thickness, we expect that such an
experiment can be performed within a year or two.

Furthermore, if the magnon chemical potential can be sufficiently increased to
be equal to the energy gap in the magnon density of states (see chapter ), Bose-
Einstein condensation of magnons should occur []. This strongly nonlinear effect is
interesting from both a fundamental and applied perspective because it should enable
magnon spin supercurrents, which implies the transport of spin angular momentum
accompanied by very low energy dissipation. However, recent work by Du et al.
[] and Demidov et al. [] shows that the chemical potential saturates before the
energy of the bottom of the spectrum is reached, and condensation of magnons is not
achieved. Further investigation of this regime might reveal the precise origin of this
saturation and provide insight in how to avoid it.
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.. Magnon spin transfer torque

Another promising direction for further research is to investigate the interaction
between conducting and insulating magnets. In , Slonczewski proposed that
a magnonic spin current can be absorbed by a conducting magnet and exert a spin
torque on its magnetization []. While he envisioned that the magnonic spin current
be driven by a thermal gradient, this does not necessarily have to be the case. Magnon
injection via the spin Hall effect (SHE) would be an equally viable spin current source.
The question is then whether the magnonic spin current, and the coupling between
the insulating and conducting magnets, can be made large enough to significantly
influence the magnetization of the magnet via a magnonic spin transfer torque (MSTT).

Figure .: (a) Sketch of the proposed device for MSTT experiments. A central conducting magnetic
element and two magnon injectors are fabricated on top of a YIG thin film. A four-point measurement
can be used to monitor the magnetization direction of the central magnet, and magnons are injected
into the YIG via a dc current through one of the injector strips. The inset shows the possibility of
using a magnetic multilayer for enhanced sensitivity. The magnonic spin current exerts a torque on
the magnetization of the free (bottom) magnetic layer. (b) SEM image of the device. (c) Illustration
of the torque exerted by a magnon current on the free layer. The YIG magnetization is pointing in
the −x direction, such that injected magnons carry a magnetic moment along the +x direction. The
magnetization of the free layer initially points towards +y, and is tilted in the xy-plane towards the
+x direction due to the MSTT.

Figure .a shows an experimental setup which would be suitable to detect such
influence. The device consists of a nanoscale conducting magnetic element and two
platinum strips next to it, fabricated on top of a YIG thin film. The strips can be used
as magnon injectors, and the orientation of the magnetization of the nanomagnet can
be read out electrically via the four contacts leading to it, relying on the anisotropic
magnetoresistance of the conducting magnet. Alternatively, a double magnetic layer
can be used (as shown in the inset) such that the magnetization of the free (bottom)
layer can be read out via the giant magnetoresistance (GMR) effect in the current-
in-plane configuration [], which will lead to a greater sensitivity compared to the
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single layer case.
Fabrication of such nanostructures on top of YIG is already possible, as shown

in Fig. .b which shows a SEM image of a completed device. The thin Pt strips are
faintly visible, and the central nanomagnet can hardly be seen as it is only 5 nm thin,
100nm wide and mostly covered by the contacts. In this device, a single layer of
permalloy was used as the central magnet. While we could detect the anisotropic
magnetoresistance of the nanomagnet, we have not been able to establish whether any
effect of MSTT on the magnetization is present or not. The reason might be that in
our device, a thin decoupling aluminum layer was deposited between the insulating
and conducting magnet, which can diminish the transfer of spin current across the
interface. In light of recent work by Das et al., who study magnon injection and
detection using permalloy strips directly on top of YIG [], such an intermediate
layer is not necessary as the exchange bias between the YIG and the permalloy is
negligibly small.

The magnonic spin current to drive the MSTT can be generated either electrically
or thermally. Due to the favorable scaling with current, relying on thermal generation
seems a more promising approach for these initial experiments. However, the advan-
tage for electrical injection is that the direction of the exerted torque can be reversed
by changing the current polarity, such that the magnetization can in principle be
rotated both clockwise and counterclockwise. If the torque is sufficiently large, even a
full 180° rotation should be possible.

Using MSTT to switch the magnetization of magnetic layers could for instance
be appealing for applications in magnetic random access memory (MRAM) because,
contrary to the presently used STT-MRAM architecture, no large charge current has
to be passed through the magnetic layers in order to switch the state of the memory
element. Instead, a small read-out current suffices, which increases the endurance
(i.e. the maximum number of switch cycles) of the memory cell. Additionally, it
can provide a way to introduce non-volatility in a magnon based logic device such
as the majority gate introduced in chapter  of this thesis, because the conducting
magnetic elements can serve as buffers to store the input and output state. This is
particularly true since, as shown by Das et al., permalloy magnetic layers can serve
as magnon injectors and detectors with an efficiency partially dependent on the
magnetization direction of the permalloy. In principle this enables the suggested
buffering functionality.

In conclusion, incoherent magnon spintronics is a research field that is still young
but has seen tremendous progress in recent years. The fact that incoherent magnons
can be used as information carriers, and the necessity to include the magnon chemical
potential in the description of magnon spin transport mark the key findings of this
thesis. Rapid future progress can be expected in the study of magnon transport
through different classes of materials, such as paramagnets and antiferromagnets. In
addition, studies aimed at exploring the nonlinear regime of magnon transport and
uncovering the role and efficiency of a magnonic spin transfer torque are extremely
interesting from an applications point of view and could push the field forward
towards applications in for instance magnetic memory in the future.
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APPENDIX

In this appendix the experimental methods used for the research in this thesis are
summarized. Section A. describes the nanofabrication techniques and recipes that
were employed in the device fabrication. Section A. briefly addresses the electrical
measurement scheme used in the experiments. Finally, Sec. A. details the mate-
rial and experimental parameters and gives an estimate of the noise floor in our
measurements.

A. nanofabrication

The devices discussed in this thesis were fabricated on () yttrium iron garnet
(Y3Fe5O12, YIG) thin films, grown epitaxially on single-crystal gadolinum gallium
garnet (Gd3Ga5O12, GGG) substrates using liquid phase epitaxy. The YIG|GGG sub-
strates were not grown in-house, but either obtained commercially via Matesy GmbH
or from our collaborator J. Ben Youssef in the Laboratoire de Magnétisme de Bretagne
(LMB, Brest, France). In the NanoLabNL clean room facility in Groningen, metal
contacts were patterned on top of the substrates using state-of-the-art nanofabrication
techniques, defining the actual devices. The stepwise fabrication process is illustrated
in Fig. A..

Resist & Aquasave 

spinning

Exposure

Development

Deposition

Lift-off

= Inspection using optical microscope

Lithography step 1:

Gold markers
Cleaning

Mounting &

bonding

Lithography step 2:

Platinum contacts

Lithography step 3:

Gold leads

Figure A.: Work flow for device fabrication. Starting from the bare YIG|GGG substrate, surface
cleaning is performed, followed by  subsequent lithography steps. Every step consists of resist
spinning, exposure, development, deposition and lift-off processes. After each process, inspection using
the optical microscope was performed. In the final step, the sample is mounted on a chip carrier and
contacts are made to the device via wire bonding.

Device fabrication is generally done in three lithography steps, and a cleaning step.
Each lithography step consists of five subsequent processes (resist spinning, exposure,
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development, deposition and lift-off) and defines a part of the total device pattern.
The exposure process was carried out using electron beam lithography (EBL), and
deposition was performed either by electron beam evaporation or sputtering. The
recipes for all processes are detailed below:

• Cleaning. The samples are immersed in warm (50 ◦C) acetone for  minutes.
Subsequently, ultrasonication at high power is performed (minutes at power
). Finally, the samples are rinsed with acetone, ethanol and isopronanol and
blow dried with nitrogen.

• Resist & Aquasave spinning. The positive EBL resist PMMA (polymethyl-
methacrylate) K is used, with a solid content of  or 4%, dissolved in ethylac-
tate. The resist is spun at  rpm for one minute, followed by a hot plate bake
at 180 ◦C for  seconds. This results in a layer thickness of 150nm (3%) or
220nm (4%). Because the YIG|GGG substrate is insulating, a thin conducting
layer has to be deposited on top of the resist, in order to avoid excessive charging
effects during the exposure. A water based conductive polymer (aquaSAVE-za)
is spun on top of the PMMA at  rpm, again followed by a  second, 180 ◦C
hot plate bake.

• Exposure. A Raith e-Line  EBL system is used to define the pattern in the
resist layer by selectively exposing it to a beam of high-energy electrons. The
acceleration voltage is 30 kV, the dose required for exposure is 450µCcm−2, and
objective lens apertures of various sizes are used. Fine structures such as the
platinum contacts require the 10µm aperture, whereas large structures such
as the outer gold contacts can be exposed using the 120µm aperture. Since the
beam current (and hence exposure time) scales with the square of the aperture
diameter, using the biggest aperture results in a reduction in exposure time of a
factor of  compared to the smallest one. However, a larger aperture results in
a larger spot size, which reduces the resolution that can be attained. Therefore,
the 10µm aperture should be used when exposing those parts of the pattern
with the smallest dimensions. The minimum feature size that was achieved
on YIG is approximately 50nm, contrary to (conducting) silicon substrates on
which ∼ 10nm resolution can be attained.

• Development. The sample is immersed in deionized water for  seconds to
dissolve the aquasave layer, and blow dried with nitrogen to remove any water on
the surface. Subsequently, it is submerged in an isopropanol:methylisobutylketon
(IPA:MIBK, volume ratio :) solution for  seconds to dissolve the exposed
parts of the PMMA layer. The development process is stopped by dipping the
sample in IPA for another  seconds, after which it is again blow dried with
nitrogen to prevent organic residues from forming on the surface.

• Deposition. Two deposition methods were employed in this work: Sputtering
and electron beam (e-beam) evaporation, performed in a Kurt J. Lesker sputter
machine (KJL) and Temescal FC- (TFC) e-beam evaporation system, respec-
tively. Typically, gold parts of the device pattern are defined by the TFC, while
platinum parts of the devices are deposited in the KJL. Prior to the deposition
in the TFC, an in-situ Ar+ ion-milling step is performed to get rid of surface
oxides or polymer residues in the exposed areas. The etch parameters are: Beam
voltage of 500V, discharge voltage of 50V, beam current of 30mA and argon
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pressure of 2 × 10−5 Torr, with a typical etch time of  seconds. After etch-
ing, a thin (5 nm) titanium layer is deposited to ensure adhesion of the gold to
the substrate, at a base pressure of 1× 10−6 Torr and deposition rate of 1Ås−1.
Subsequently, the gold layer is deposited (typical thicknesses between  and
75nm) at a similar pressure and a deposition rate of 3Ås−1.

For platinum sputtering in the KJL, no prior etching is performed. The depo-
sition parameters are: A power of 100W, argon pressure of 5× 10−3 mbar and
sputtering time of  seconds (deposition rate is approximately 7Ås−1).

• Lift-off. The sample is immersed in warm (50 ◦C) acetone for at least minutes.
This causes the dissolution of the resist layer and the metal on top of it will be
removed from the substrate. The parts of the metal deposited in the exposed
areas (i.e. in direct contact with the substrate) remain, hence the pattern is
transferred from the mask to the substrate. If necessary a very short low-power
ultrasonication step can be performed to get rid of any metallic residues on the
surface.

• Mounting and wire bonding. When the nanofabrication process is completed,
the sample is glued on a chip carrier and electrical connections to the devices
are made via AlSi wires (Al 99%, Si 1%), using a Westbond wedge wire bonding
machine.

Figure A.: (a) Optical microscope image at low magnification (100×), showing the large markers
used for coarse alignment (big crosses in the corners of the image), the contact pads and the leads to the
active device area. (b) More strongly magnified image (1000×) of the active area of the sample. The
crosses in the corners of the image are small markers used for precision alignment of the consecutive
lithography steps. Six devices can be seen in the image (arranged in a 2× 3 matrix), two of which are
contacted by gold leads. (c) Scanning electron micrograph of one of the devices, with false colors added
for clarity. The red structures are the platinum contacts and the attached gold leads are highlighted in
yellow.

A. electrical measurements

Once wire bonding is performed, the chip carrier containing the sample is mounted
in the measurement setup. Most of the measurements described in this thesis were
carried out in a Cryogenic Limited He variable temperature insert (VTI) with a
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temperature range of 1.7 to 400K. The sample space of the VTI is mounted coaxially
with a superconducting magnet coil, such that the chip carrier can be positioned in
the center of the magnet bore to achieve maximum field strength and uniformity (see
Fig. A. for a schematic illustration of the cryostat, magnet and VTI). The magnet can
provide magnetic fields in the range of 0 < µ0H < 8T, provided its temperature is kept
at 4.2K.

O
uter vacuum

 interspace

N
itrogen exhaust port

Superconducting magnet coil

LN
2  reservoir

LH
e reservoir

VTI vacuum interspace

LHe siphon port

O
uter radiation shield

Helium exhaust port

VTI sample space
Dipstick with electrical wiring to sample

LHe inlet to VTI sample space

Sample space pump port

C
ryostat bottom

 plate

Needle valve control

Inner radiation shield

R
adiation baffles

Stepper motor for sample rotation

N
eedle valve contstriction block

S
am

ple holder

C
hip carrier w

ith sam
ple

C
ryostat top flange

VTI top flange

Figure A.: Schematic (not to scale) cross-section of the cryostat, superconducting magnet and
variable temperature insert (VTI). The key system components are indicated by red lines.

Both magnet and VTI are mounted in a liquid helium (LHe) cryostat, with a 50-
liter LHe reservoir and a 27-liter liquid nitrogen (LN2) reservoir in thermal contact
with a radiation shield around the LHe bath, to reduce the He boil-off rate. The
VTI sample space is isolated from the LHe bath by a vacuum interspace in order to
change its temperature independently from the bath. Pumping on the sample space
pump port (Fig. A.) creates a pressure difference between the VTI sample space and
the LHe reservoir, such that LHe will be sucked into the sample space if the needle
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valve is opened. This provides the required cooling power to maintain low sample
temperatures. The needle valve is controlled using a stepper motor, operating in
a feedback loop with a pressure sensor at the top of the sample space in order to
keep the pressure in the system approximately constant. Fine temperature control
is achieved using an additional feedback loop which involves a temperature sensor
(mounted at the base of the sample space, near the sample) and nearby resistive heater
to compensate temperature fluctuations.

The superconducting magnet coil generates a magnetic field along the axis of
the system (i.e. along the dipstick in Fig. A.), and the sample can be rotated in
the field (either in-plane or out-of-plane rotation) via a stepper motor mounted on
top of the dipstick. Electrical measurements are carried out via a home-built IV
measurement box, which is galvanically isolated from the rest of the measurement
equipment, and several Stanford Research Systems (SR) lock-in amplifiers. Lock-in
(rather than normal dc) amplifiers are used for two reasons: First, they are capable
of performing very narrow band measurements around an (almost) arbitrary central
frequency, making it possible to carry out the electrical measurements in that part of
the spectrum where interference effects are small or absent and noise is limited. The
advantage compared to dc measurements here is that the central frequency can be
tuned, instead of being fixed at ω = 0 as for dc, which unavoidably is accompanied
by large 1/f noise. Second, the lock-in allows for simple separation of nonlinear
responses of the device under study to the applied current, by measuring the higher
harmonic components of the device voltage (explained further below).

The internal oscillator of the lock-in generates a low-frequency (typically ω/(2π) <
20Hz, low enough to ensure a thermal steady state in the device) ac voltage, which
controls the current applied to the sample by the current source of the IV box, such
that the current on the device is given by I(t) =

√
2I0 sinωt. Here, I0 is the rms

amplitude set by the user. The voltage response of the sample is pre-amplified using
the IV box amplifier (with a variable gain of 100 − 104) and further amplified and
digitized using the lock-in. Subsequently, the voltage signal is multiplied by the
lock-in reference signal and integrated over time, such that the output of the lock-in is
given by

Vnω =

√
2
τ

∫ t

t−τ
sin(nωs +φ)V (s)ds. (A.)

Here, V (s) is the voltage signal coming from the device in response to the applied
current I(t), φ is the phase shift in the reference signal, τ is the time constant of the
lock-in (typically, 100ms < τ < 10s) and n is an integer that selects the harmonic of
interest. The voltage response of the device can be expanded as a sum of higher order
responses to the current, i.e. V (t) = R1I(t) + R2I

2(t) + R3I
3(t) + .... Substituting in

Eq. A. and carrying out the integral, we then see that the lock-in voltage output for
the first three harmonics is given by

V 1ω = I0R1 +
3
2
R3I

3
0 , for φ = 0°, (A.)

V 2ω =
1
√
2
I20R2, for φ = −90°, (A.)

V 3ω = −1
2
I30R3, for φ = 0°. (A.)

In addition, capacitive or inductive cross-talk will result in an out-of-phase contribu-
tion to the first harmonic response (i.e. a finite signal for φ � 0°). This contribution
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depends linearly on the excitation frequency and should vanish for zero frequency,
which should be checked when performing the electrical measurements.

Clearly, the first harmonic voltage V 1ω is linear in the current (the cubic term is
usually negligible for low bias or in linear systems, but should be taken account if
the system under study is nonlinear, for instance a tunnel junction), while the second
harmonic voltage V 2ω is quadratic in the current. This implies that processes that are
linear in the current (such as the spin Hall and inverse spin Hall effect, and interfacial
spin-flip scattering) contribute to the first harmonic voltage, while processes that
scale with the current squared (such as Joule heating) generate a second harmonic
voltage. Thus, the lock-in amplifier provides a very elegant way to separate signal
contributions from different physical processes.

A. material and experimental parameters

YIG parameters

As stated in Sec. A., YIG thin films of two different sources (LMB and Matesy)
were used in this thesis. The films are slightly different in thickness, tLMB

YIG = 200nm

for the YIG from Laboratoire de Magnétisme de Bretagne and t
Matesy
YIG = 210nm for

the YIG from Matesy. The magnetic properties of the films are comparable, with
MLMB

S ≈ 140kAm−1, αLMB
G ≈ 2× 10−4 and M

Matesy
S ≈ 144kAm−1, αMatesy

G ≈ 1.4× 10−4.
Values of MS were obtained from SQUID magnetometry measurements, while the
value for αB was determined via FMR linewidth measurements (data obtained from:
N. Vlietstra and J. Ben Youssef [LMB YIG], Matesy GmbH [Matesy YIG]).

Platinum parameters

The electrical conductivity of the platinum magnon injector/detector contacts sput-
tered on top of the YIG film exhibits a dependence on the platinum thickness (see e.g.
Castel et al., Appl. Phys. Lett. ,  ()) and is for the typical thicknesses
we use of tPt ≈ 7nm approximately σPt ≈ 2× 106 Sm−1. Sputtering was employed as a
deposition technique for platinum to achieve large spin-mixing conductances of the
Pt|YIG interface, since earlier work in our group showed that this yields superior mix-
ing conductances compared to e-beam evaporation (see e.g. N. Vlietstra, Spin transport
and dynamics in magnetic insulator/metal systems, ). The typical value for the real
part of the spin-mixing conductance we obtain from spin Hall magnetoresistance
measurements of our contacts is gr ≈ 1.6× 1014 Sm−2.

Typical excitation currents in our experiments are on the order of Irms = 100µA.
Depending on the device geometry, this results in a charge current density of jc ≈
4× 1010Am−2. For the magnon transistor measurements in chapter , a modula-
tor current of Idc = 1mA was used, which corresponds to a charge current den-
sity of jc ≈ 1.5× 1011Am−2, which is close to the breakdown current density of
the platinum due to electromigration (the value typically quoted in literature is
jbreakdown
c ∼ 1× 1011Am−2, we found that this can be pushed a bit further however).
Such a large current density causes significant heating in the platinum contact, and as a
result the temperature can locally increase by more than 50K from room temperature
(see chapter ).
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Electrical measurement settings and noise

For a typical measurement as a function of angle as first described in chapter ,
a lock-in integration time of τ = 3s is used in combination with a low-pass filter
(24 dB/octave roll-off, composed of four RC-type filter stages which are implemented
digitally). This results in an equivalent noise bandwidth of the measurements of
∆f = 26mHz, and a minimum waiting time of 15 s between consecutive data points.
The noise floor in the measurements is then determined by the specifications of the
pre-amplifier and the Johnson-Nyquist noise in the sample, as follows

EN =

√
∆f

(
E2
J +

(
EV
input

)2
+
(
EI
input

)2)
, (A.)

where EJ =
√
4kBTRs is the Johnson noise of the sample (with kB the Boltzman constant,

T the sample temperature and Rs the sample resistance), EV
input the input voltage noise

of the pre-amplifier and EI
input = InoiseinputRs is the equivalent voltage noise level due

to the current noise (Inoiseinput) at the amplifier input. The in-house built pre-amplifier
module which we use as a first amplification stage has two options: Either using
a bipolar transistor as input stage, which results in a very low voltage noise but
larger current noise contribution for samples with a sizeable resistance, or using
a field-effect transistor (FET) as the input stage to increase input impedance and
lowering the current noise, at the cost of increasing the voltage noise level. As an
example, consider measuring a Rs = 10kΩ sample at a frequency of f = 10Hz, at
room temperature. Using a pre-amplifier gain of 104, the transistor input stage has
a voltage noise of EV

input,bip = 6nV/
√
Hz and a current noise of Inoiseinput,bip = 1.6pA/

√
Hz.

The corresponding numbers for the FET are EV
input,FET = 15nV/

√
Hz and Inoiseinput,FET =

50fA/
√
Hz. Using these numbers and Eq. A., we find that the noise floors for the

transistor and the FET in this configuration are Ebip
N = 3.5nVrms and EFET

N = 3.2nVrms.
Although the difference is small in this case, using the FET for these measurements
would therefore be preferable (for measurements over very long distances, or for the
magnon transistor measurements reported in chapter  such a difference can actually
be significant since the signals we are looking for are on the order of several nanovolts).
Note that the measurement frequency also plays a role here, since current noise level
of the bipolar transistor drops with increasing frequency and hence for frequencies
f � 20Hz the transistor noise floor is actually lower than that of the FET.





SUMMARY

The invention of the transistor in marked the start of the Information Age and
brought information processing into the realm of condensed matter physics. While a
multitude of variations in transistor design has been developed in the past decades,
the operation principle of these devices has not changed fundamentally since the
introduction of the MOSFET (metal-oxide-semiconductor field effect transistor) in
. Such a FET can be used to perform logic operations because the charge current
between two of its terminals can be fully controlled by a voltage applied to its third
terminal. The integration of many FET’s on a single silicon chip and the continuous
downscaling of transistor dimensions have made computing technology fast, cheap,
and therefore available to the masses.

However, transistor miniaturization has hit its limits, mainly caused by excessive
energy dissipation in the circuit. To maintain the pace of progress in computing
power, research efforts are dedicated to the search for an alternative (or at least
complementary) information processing technology that can overcome these issues.
Spin-based electronics, or spintronics, is one of the candidates. In spintronics the
spin of an electron, rather than its charge, plays a central role in achieving device
functionality. The electron spin is a quantum mechanical property that is a measure
for its intrinsic angular momentum and magnetic dipole moment. The spin and in
particular the interaction between spins of different electrons are a key ingredient
for ferromagnetism, and as such research in the field of spintronics often involves
magnetically ordered materials.

Spintronics usually employs conducting ferromagnets, which in equilibrium fea-
ture an imbalance of spin up and spin down electrons. This imbalance can be (par-
tially) injected into an adjacent nonmagnetic metal or semiconductor by sending a
charge current through the system. In the normal metal, the imbalance can propagate
in the form of a spin current. A spin current is a flux of spin angular momentum,
which can for instance be carried by conduction electrons: In a pure spin current, a
certain amount of spin up electrons diffuse to the left and an equal amount of spin
down electrons diffuse to the right. Note that in this case, no charge current arises
because each electron carries the same charge, whereas they carry opposite spin.

However, in this thesis we take a different approach and focus instead on mag-
netically ordered materials that are electrically insulating. Such a material can still
support spin currents, albeit in different form. The spin current is not carried by
conduction electrons, but by so-called magnons. Magnons are the quasiparticle rep-
resentation of the low-energy excitations of magnetically ordered systems. These
low-energy excitations are called spin waves. A spin wave in a magnetic crystal can be
thought of as a distributed single spin flip of one of the crystals magnetic moments.
However, instead of flipping one spin completely, the excitation is composed of a small
reduction of the magnetic moment of many spins in the crystal. This reduction is
achieved by the precession of individual moments around their equilibrium position
at a small cone angle. Since the spins precess with equal frequency, but at a slight
phase difference, this gives rise to a spin wave. Spin waves are responsible for the
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temperature dependence of the magnetization. Typically, at finite temperature the
spin wave density in a ferromagnet is large and gradually reduces as the magnet is
cooled down. Conversely, if the temperature rises and the spin wave density becomes
larger than a certain critical value, the magnetic order is lost and the system no longer
exhibits a net magnetization (until it is re-established by applying a sufficiently large
external magnetic field). Spin waves can be described in terms of classical electromag-
netism, but when the spin wave density and energy are large, they are more easily
described quantum mechanically in a quasiparticle picture, which is where magnons
come in.

In some sense, magnons are similar to phonons: The vibrational modes in a crystal
lattice can be described in terms of phonons. The underlying physical phenomenon
is then the collective displacement of the atoms in the lattice. Similarly, magnons
represent the collective precession of the localized spins in the magnetically ordered
lattice. Magnons and phonons are both bosons, but behave very differently in terms of
propagation and dispersion.

The material of choice as far as magnetic insulators go is yttrium iron garnet (YIG),
mainly because of its low intrinsic spin wave damping. We showed that a spin current
generated in a conducting heavy metal (HM, we use platinum) layer can be directly
transferred to an adjacent YIG film. At the HM|YIG interface, the spin current is
converted from an electronic spin current to a magnonic spin current via interfacial
spin-flip scattering. This happens because there exists a finite wavefunction overlap
between the free s electrons in the HM and the localized d electrons in the YIG, which
gives rise to an exchange interaction across the interface and enables spin angular
momentum transfer between the two layers.

The transport of spin by magnons in magnetic insulators such YIG is the central
topic of this thesis. A nonlocal device geometry was developed to enable the systematic
study of such transport. A very narrow and thin platinum (Pt) strip fabricated directly
on top of an extended YIG film is used to generate the magnonic spin current. A
certain distance (ranging from 200nm to 40µm) away, a parallel Pt strip of equal
dimensions is patterned, which serves to detect the spin current. One elegant aspect
of this technique is that magnons are generated via two different mechanisms, one
which is linear in the applied charge current and one that is quadratic in the current.
The linear mechanism relies on the spin Hall effect, and generates magnons according
to the spin-flip scattering process outlined above. The quadratic mechanism relies
on the spin Seebeck effect, which generates a magnon spin current in response to a
thermal gradient over the magnet. The thermal gradient results from Joule heating
in the injector. Magnon spin signals stemming from these two mechanisms can be
readily separated based on their dependence on the charge current, as well as their
angular dependence. For the linear mechanism, we found that the injection and
detection processes are reciprocal to each other (as they should be), which means that
interchanging injector and detector gives exactly the same result.

From the nonlocal measurement results, we conclude that magnons excited via the
mechanism outlined above propagate incoherently and in a diffusive manner, i.e. the
magnonic mean free path is much shorter than the device dimensions and a magnon
undergoes many collisions (for instance with phonons and crystal defects) on its way
from injector to detector. The reason for this is their high average energy, since in this
excitation scheme in principle magnons up to the thermal energy are excited. This
means that their wavelength is short, and hence their scattering cross-section is large.
This in contrast to the long-wavelength, low-frequency magnons which are excited
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via microwave frequency magnetic fields, another popular excitation technique in the
field of magnonics. These magnons propagate through the film in a coherent manner,
are characterized by a long mean free path and can travel over distances of several
millimeters.

In this thesis, we show that diffusive magnon spin transport can be described in a
way very similar to the diffusive spin transport by electrons in conductors, despite
the different nature of the spin carriers (fermionic vs bosonic). Essentially the same
spin diffusion-relaxation equations can be used and several parameters familiar from
electronic transport find their analogue in magnonic transport. Notable examples
are the magnon spin conductivity σm (similar to the electrical conductivity) and the
magnon spin diffusion length λm (similar to the spin relaxation length in conductors).
σm governs the degree to which a certain material supports a magnonic spin current:
A larger value means that spin is transported more efficiently. λm on the other hand
characterizes the average distance a magnon can travel before it decays: A larger value
means that a spin current can be transported over larger distances.

Using our nonlocal measurement technique, we have measured how σm and λm
depend on external parameters such as the magnetic field we apply to the system, or
the ambient temperature. Such measurements are useful because they can help to
identify flaws in our understanding of the magnon physics. For instance, we found
that the temperature dependence of the linear magnon generation mechanism can
be captured well by our theory and behaves more or less as expected. However,
magnon spin signals generated via the spin Seebeck effect show a surprising increase
as the temperature is decreased, which was not expected and is in fact still not well
understood.

To quantitatively compare our measurement results with theoretical predictions,
we have developed a theoretical model of magnon spin transport and solved it for our
precise device geometry using a finite-element approach. Our theory describes the
magnon system in terms of two parameters: A magnon temperature and a magnon
chemical potential. Normally, for a gas of bosons in thermal equilibrium the chemical
potential is zero. However, we do not probe the equilibrium state, because we are
continuously injecting a spin current (as well as an energy current) in the system.
If energy exchanging magnon-phonon scattering occurs on a faster timescale than
magnon relaxation, the magnon chemical potential can no longer be disregarded but
has to be included in the model. This is the key premise underlying our description,
and we estimate the corresponding scattering times to argue that this premise is
indeed valid in YIG. The inclusion of the magnon chemical potential is the main
difference between our theoretical framework and the literature and is therefore one
of the key results of this thesis.

In addition to the transport of ordinary magnons, we also investigate magnon-
polaron transport in our nonlocal devices. Magnon-polarons are coherently mixed
quasiparticles, half magnon, half phonon, and are generated by magnetoelasticity.
Though already predicted by Kittel long ago, their effect on spin transport was discov-
ered only recently in YIG using optical and local spin Seebeck effect experiments. In
the latter, magnon-polarons are manifest as resonant peaks in the spin Seebeck signal
as a function of magnetic field. In this thesis, we show that they also play a role in
the nonlocal spin Seebeck effect, with a surprising twist: Measured nonlocally, the
magnon-polaron peak turns into a dip. This crossover turns out to be a consequence
of the magnon physics underlying the spin Seebeck effect. Thermal generation and
diffusive backflow of magnons in YIG compete, which can generate any sign for the



 summary

magnon-polaron anomaly in nonlocal experiments.
Furthermore, coming back to the motivation for this research from an information

technology point of view given above, we have investigated the possibility of locally
manipulating the magnon spin transport in YIG in an attempt to obtain transistor-
like functionality in our devices. Efficient manipulation of magnon spin transport
is crucial for developing magnon-based spintronic devices, because it enables logic
operations to be performed. In this thesis, we provide proof-of-principle of a method
for modulating the diffusive transport of thermal magnons in a YIG channel between
injector and detector contacts. The magnon spin conductance of the channel is altered
by increasing or decreasing the magnon chemical potential via the linear injection of
magnons by a third modulator electrode. While the modulation efficiency which we
obtained is very small, in the order of 1%, our finite element model shows that this
could be increased to well above 10% by simply reducing the thickness of the YIG
channel. Although still far below the efficiency of a modern-day FET, further device
optimization with respect to for instance the interface between the contacts and the
YIG could bring further efficiency boosts, thereby providing interesting prospects for
the development of magnon-based logic circuits.

Finally, we identify promising experimental directions that can be pursued in the
coming years. Magnon transport in different classes of materials such as paramagnets
and antiferromagnets will undoubtedly see interesting developments in the near
future. Additionally, transport in the nonlinear regime in very thin, yet high quality,
YIG films will be of great interest because it could possibly lead to the formation of a
room temperature, current-driven Bose-Einstein condensate of magnons if saturation
effects can be circumvented. Moreover, the interaction between magnon spin currents
in YIG and the magnetization of adjacent nanoscale conducting ferromagnets holds
promise because it could allow the read-out, or even altering of the state, of a magnetic
memory element with a magnon spin current and as such provide buffer functionality
to a magnonic circuit. All in all, the developments in magnon spintronics certainly do
not stop at the end of this thesis and the field is set to see some exciting developments
in the years to come.
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De uitvinding van de transistor, in , markeert het begin van het “Informatie
Tijdperk”. Sindsdien is de technologie achter de verwerking van informatie, com-
putertechnologie, gebaseerd op vaste stof fysica, de tak van wetenschap die zich
bezighoudt met de eigenschappen van vaste materialen. Hoewel transistoren in al die
tijd veel kleiner zijn geworden, is het werkingsprincipe sinds de introductie van de
zogenaamde MOSFET (metaal-oxide-halfgeleider veldeffect transistor) in  niet
fundamenteel veranderd. Een MOSFET bestaat uit een stuk halfgeleider met daaraan
drie contacten. Tussen de twee buitenste contacten kan een elektrische stroom lopen.
Het derde contact is geïsoleerd van de rest, zodat er geen elektrische stroom in of uit
loopt, maar het kan wel worden gebruikt om een elektrisch veld over de halfgeleider
aan te leggen. Middels dit veld kan de stroom tussen de buitenste contacten beïnvloed
(aan- of uitgeschakeld) worden. Technologische innovatie heeft het mogelijk gemaakt
om steeds maar kleinere en kleinere transistoren te maken, zodat er steeds meer op
een enkele computerchip passen en er steeds ingewikkeldere (en krachtigere) geïnte-
greerde schakelingen mogelijk waren. Dit heeft er toe geleid dat de computers van nu
snel, goedkoop en voor iedereen beschikbaar zijn.

Helaas kent het steeds kleiner maken van transistoren ook grenzen. De belang-
rijkste beperking zit hem in de opwarming van de chip: De transistordichtheid is zo
hoog dat de warmteproductie (per volume eenheid) in het circuit de energiedichtheid
aan het oppervlak van de zon nadert. Het afvoeren van al deze warmte is een groot
probleem en dit heeft ervoor gezorgd dat de trend in het steeds sneller en krachtiger
worden van computerchips de afgelopen decennia, inmiddels is gebroken. Om voor-
uitgang te kunnen blijven maken wordt er wereldwijd zeer veel onderzoek gedaan
op zoek naar een alternatieve (of in ieder geval complementaire) technologie voor
de transistor. Elektronica gebaseerd op spin, ook wel spintronica genoemd, is een
van de kandidaten hiervoor. In spintronica is het de spin van een elektron, in plaats
van de lading, die verantwoordelijk is voor de functionaliteit van een schakeling.
De elektronenspin is een quantum mechanische eigenschap en is een maat voor het
intrinsieke impulsmoment en magnetische dipoolmoment van het elektron. Spin, en
vooral de interactie tussen spins van verschillende elektronen, zijn verantwoordelijk
voor ferromagnetisme in materialen zoals ijzer, nikkel of kobalt. In de spintronica
wordt daarom veel gebruik gemaakt van dit soort magnetisch geordende materialen.

In verreweg de meeste gevallen worden ferromagneten gebruikt die ook elektrisch
geleidend zijn. In thermisch evenwicht bevat een dergelijke magneet een onbalans in
het aantal “spin omhoog” en “spin omlaag” elektronen. Dit in tegenstelling tot een
niet-magnetisch materiaal, waarin er evenveel elektronen van beide spinrichtingen
zijn. Door de magneet in contact te brengen met een niet-magnetisch metaal (of
halfgeleider) en een elektrische stroom over het geheel aan te leggen, zal een deel van
deze onbalans van de ferromagneet in de normale geleider geïnjecteerd worden. De
onbalans tussen spin omhoog en omlaag bestaat dan ook in de normale geleider en
zal zich hierin voortplanten in de vorm van een spinstroom. Dit is een flux van spin
impulsmoment, die bijvoorbeeld wordt getransporteerd door de vrije elektronen in het
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materiaal. In een zogenaamde pure spin stroom diffundeert een bepaalde hoeveelheid
spin omhoog elektronen één richting op, en een exact gelijke hoeveelheid spin omlaag
elektronen de tegenovergestelde richting. Een dergelijke situatie levert wel een flux
van impulsmoment op, maar geen ladingsstroom omdat elk elektron een gelijke lading
heeft, maar de spinrichtingen van de verschillende elektronen tegengesteld zijn.

In dit onderzoek gebruiken we echter een andere benadering. We bestuderen
materialen die wel magnetische ordening vertonen, maar die geen elektrische stroom
geleiden. Het blijkt dat zulke zogenaamde magnetische isolatoren wel degelijk een
spin stroom kunnen geleiden, zei het in een andere vorm dan de pure spin stroom die
hierboven beschreven werd. In een magnetische isolator wordt de spin niet gedragen
door vrije elektronen (die zijn er tenslotte niet), maar door magnonen. Magnonen
zijn de quasideeltjes die horen bij de laag energetische aangeslagen toestanden van
systemen die magnetische ordening vertonen. Deze aangeslagen toestanden worden
ook wel spin golven genoemd, en een magnon is dus het deeltjes equivalent van een
spin golf, zoals een foton dat is voor een lichtgolf. Een spin golf in een magnetisch
kristal is in feite een uitgesmeerde omkering van een enkele spin (van spin omhoog
naar spin omlaag) van een van de magnetische momenten in het rooster. In plaats
van dat ten gevolge van de excitatie één van de spins volledig omdraait, neemt het
magnetische moment van een groot aantal spins in het rooster een klein beetje af.
Deze afname ontstaat doordat de individuele momenten zullen gaan draaien om hun
evenwichtsrichting (spin precessie genoemd), daarbij een kleine hoek makend met
hun oorspronkelijke positie. De spins precederen met gelijke frequentie, maar met
een klein verschil in fase, waardoor een staande golf in het kristalrooster ontstaat: Een
spin golf.

De spin golf dichtheid in een magneet is afhankelijk van de temperatuur. Bij
kamertemperatuur is de spin golf dichtheid normaal gesproken groot, en deze neemt
langzaam af als de magneet afgekoeld wordt. Aan de andere kant, als de magneet
verder opgewarmd wordt zal de spin golf dichtheid toenemen, en als deze groter
wordt dan een bepaalde kritische waarde dan verliest het systeem zijn magnetische
orde. Het materiaal is dan niet langer magnetisch, ook al wordt het weer afgekoeld
tot zijn oorspronkelijke temperatuur, totdat de orde weer hersteld wordt met behulp
van een extern magnetisch veld. In principe kunnen spin golven worden beschreven
met klassieke elektrodynamica, maar als de spin golf dichtheid en energie groot zijn
is het makkelijker om gebruik te maken van het quasideeltjes formalisme en ze dus te
beschrijven in termen van magnonen.

Tot op zekere hoogte zijn magnonen ook goed te vergelijken met fononen: Fono-
nen zijn de quasideeltjes die horen bij vibraties van de atomen in het kristalrooster.
Fononen beschrijven in feite de collectieve verplaatsingen van de atomen ten opzichte
van hun evenwichtspositie in het kristalrooster, net zoals magnonen dus de collectieve
precessie van de spins in het rooster beschrijven. Magnonen en fononen zijn beiden
bosonen (dus kunnen worden beschreven met Bose-Einstein statistiek), maar gedragen
zich anders wat betreft propagatie en dispersie in het kristal.

Het materiaal bij uitstek om spin transport in magnetische isolatoren te onderzoe-
ken is yttrium ijzer granaat (YIG), omdat het de allerlaagste spin golf demping heeft
van alle bekende materialen. In dit proefschrift tonen we aan dat een spin stroom die
gegenereerd wordt in een niet-magnetisch metaal (NM, we gebruiken platina) direct
doorgegeven kan worden aan een dunne YIG film waarmee het metaal in contact
is. Aan het NM|YIG grensvlak wordt de spin stroom omgezet van een spin stroom
gedragen door vrije elektronen naar een magnonen spin stroom via zogenaamde "spin
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rotatie reflectie". Als een vrije elektron in het NM bij het grensvlak van YIG aankomt,
zal het niet verder kunnen propageren omdat YIG isolerend is. Het zal dus terug-
kaatsen. Tijdens het terugkaatsproces kan het ofwel zijn oorspronkelijke spinrichting
behouden, ofwel van spin richting omdraaien. Wanneer dit laatste plaatsvindt is
sprake van spin rotatie reflectie en zal er een magnon in het YIG aangeslagen worden
en wordt er een spin impulsmoment van 1� overgedragen van het NM naar het YIG.
Dit is mogelijk omdat er een kleine maar eindige overlap bestaat tussen de golffunctie
van de vrije elektronen in het NM en de gelokaliseerde magnetische momenten in
het YIG. Via de uitwisselingsinteractie kan er daarom spin impulsmoment worden
uitgewisseld over het NM|YIG grensvlak.

Het onderwerp van dit proefschrift is het transport van spin door magnonen, en om
dit te bestuderen hebben we een nanostructuur ontwikkeld die het mogelijk maakt om
zogenaamde niet-lokale experimenten te doen op YIG en zo het magnonen transport
in kaart te brengen. De structuur bestaat uit een dunne laag YIG (typisch ongeveer
200nm dik) waarop we een lange, dunne platina (Pt) strip deponeren met behulp van
nanofabrikage technieken. Op een kleine afstand (variërend van 200nm tot 40µm)
van deze eerste strip maken we een parallelle Pt strip met dezelfde afmetingen als
de eerste. De eerste strip doet dienst als generator van de magnonen spin stroom:
Wanneer er een elektrische ladingsstroom door de strip gestuurd wordt (de stroom-
richting is parallel aan het YIG oppervlak) ontstaat een elektrische spin stroom naar
het Pt|YIG grensvlak toe (via het spin Hall effect). Via spin rotatie reflectie ontstaan
er magnonen in het YIG. Deze magnonen diffunderen vervolgens in de YIG laag, en
dus ook in de richting van de tweede Pt strip die een eindje verderop ligt en dienst
doet als magnonen detector. Bij het YIG|Pt grensvlak van deze tweede strip vindt
het omgekeerde mechanisme plaats: De magnonen worden hier juist geabsorbeerd
door de vrije elektronen in het platina, waardoor de spinrichting van deze elektronen
om zal draaien. Hierdoor wordt de spin van de elektronenpopulatie in het platina
gepolariseerd, en deze polarisatie wordt omgezet in een elektrische spanning over de
strip (via het inverse spin Hall effect). Deze spanning is wat we uiteindelijk meten.

Behalve het genereren vanmagnonen langs deze weg, ontstaat er nog op een andere
manier een magnon spin stroom in onze nanostructuur, namelijk door de verwarming
van de injector strip. Als we een elektrische stroom door deze strip sturen warmt deze
op, waardoor een temperatuurverschil ontstaat tussen de boven- en onderkant van
de YIG laag (er ontstaat een thermische gradiënt over de laag). Door het zogenaamde
spin Seebeck effect zal deze gradiënt er toe leiden dat er een magnon stroom op gang
komt zodat magnonen weggedreven worden van de injector. Ook deze magnon stroom
kan worden opgepikt als een spanning over de detector strip. Het aardige is nu dat
deze twee verschillende generatie mechanismen op een andere manier afhangen van
de elektrische stroom door de injector strip: Het proces gebaseerd op spin rotatie
reflectie hangt lineair van de stroom af, terwijl het proces gebaseerd op het spin
Seebeck effect kwadratisch schaalt met de stroom. Door dus te kijken hoe de gemeten
spanning afhangt van de stroom die we door de injector sturen kunnen we de signalen
die ontstaan door deze twee processen van elkaar onderscheiden. Beide processen
vertonen ook een andere afhankelijkheid van de hoek tussen de netto spinrichting in
het YIG en de platina strip, dus door de spanning over de detector te meten als functie
van deze hoek kan ook onderscheid worden gemaakt tussen de twee processen.

Uit de resultaten van de niet-lokale experimenten concluderen we dat magnonen
die we op deze manier aanslaan in het YIG propageren middels incoherente diffusie.
Dit betekent dat de vrije weglengte van een magnon veel korter is dan de typische
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afmetingen van onze nanostructuur, en dat een magnon dus veel botsingen zal on-
dergaan op zijn weg van injector naar detector. Dit zijn bijvoorbeeld botsingen met
fononen, of met imperfecties in het kristalrooster. Een magnon beweegt dus niet in
een rechte lijn door de magneet, maar verandert zeer vaak van richting. Dit diffuse
gedrag ontstaat waarschijnlijk doordat de gemiddelde energie van de magnonen die
we aanslaan hoog is, in principe ontstaan er magnonen met energieën tot aan de ther-
mische energie. Een magnon met hoge energie heeft een korte golflengte, en dus een
grote werkzame doorsnede waardoor veel botsingen optreden. De situatie is anders
als de magnonen worden aangeslagen met behulp van hoog frequente magneetvelden,
wat een andere populaire techniek is om magnonen te genereren. Deze magnonen
hebben typisch een lage frequentie van enkele GHz’s, en vertonen coherent transport
met een lange vrije weglengte.

We laten ook zien dat het diffuus transport van spin door magnonen op een
vergelijkbare manier kan worden beschreven als het transport van spin door vrije
elektronen in een geleider, hoewel de spin dragers totaal anders van aard zijn (mag-
nonen zijn bosonen en elektronen fermionen). We gebruiken min of meer dezelfde
spin diffusie-relaxatie vergelijkingen om het transport te beschrijven, en een aantal
parameters die gebruikt worden om elektronisch transport te karakteriseren vinden
parallellen in magnon spin transport. De magnon spin geleiding σm en de magnon
spin diffusie lengte λm zijn hier goede voorbeelden van. σm bepaalt in hoeverre een
materiaal een magnonen spin stroom kan geleiden (hoe hoger σm, hoe beter), en λm
geeft de gemiddelde afstand aan die een magnon af kan leggen voordat het vervalt
(hoe langer λm, hoe verder het magnon kan komen).

Met behulp van onze nanostructuren voor niet-lokale experimenten hebben we σm
en λm in YIG kunnen meten, en kunnen onderzoeken hoe deze parameters afhangen
van bijvoorbeeld de temperatuur van de YIG laag of het externe magnetische veld dat
we aanleggen over het specimen. Dit soort metingen zijn nuttig omdat ze hiaten in
onze kennis over de relevante fysica aan het licht kunnen brengen. Zo konden we
bijvoorbeeld concluderen dat de temperatuurafhankelijkheid van het lineaire genera-
tiemechanisme (dus gebaseerd op spin rotatie reflectie) goed kan worden beschreven
met onze theorie en zich dus min of meer gedraagt zoals verwacht. Dit bleek echter
niet te gelden voor het kwadratische generatiemechanisme (gebaseerd op verhitting
en het spin Seebeck effect): Het signaal ten gevolge van magnonen die langs deze weg
gegenereerd werden liet onverwachts een sterke toename zien bij lage temperaturen.
Deze toename wordt niet beschreven door onze theorie en hier moet dus nog een
verklaring voor worden gevonden.

Om onze meetresultaten te kunnen vergelijken met theoretische voorspellingen
hebben we een theoretisch model voor magnon spin transport opgesteld, wat we
voor onze exacte geometrie kunnen oplossen met behulp van een eindige-elementen
benadering. Onze theorie beschrijft het magnon systeem met twee parameters: Een
magnon temperatuur en een magnon chemische potentiaal. Voor een bosongas in
thermisch evenwicht is de chemische potentiaal normaal gesproken nul, maar omdat
wij continue een spin stroom (en energie stroom) in het systeem injecteren bevindt
ons systeem zich niet in evenwicht. In combinatie met het feit dat energie uitwisseling
tussen magnonen en fononen veel sneller plaatsvindt dan magnon verval, betekent
dit dat de magnon chemische potentiaal niet gelijk aan nul zal zijn en daarom moet
worden meegenomen in het model. De premisse van relatief snelle uitwisseling
van energie en langzaam verval van magnonen is de belangrijkste aanname in onze
theorie, en we maken dan ook een schatting van de relevante tijdsschalen om aan te
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tonen dat deze aanname gerechtvaardigd is in YIG. Het meenemen van de chemische
potentiaal in de beschrijving van het magnon transport is het belangrijkste verschil
tussen ons werk en het werk reeds beschreven in de literatuur en is daarom een van
de belangrijkste resultaten in dit proefschrift.

Naast het gedrag van magnonen, bestuderen we ook magnon-polaron transport in
onze nanostructuren. Magnon-polaronen zijn hybride quasideeltjes, half magnon en
half fonon, en ontstaan door magneto-elasticiteit. Hoewel hun bestaan al lang geleden
werd voorspeld door Kittel is hun effect op het transport van spin in magnetische
isolatoren pas heel recent ontdekt met behulp van optische en lokale spin Seebeck
experimenten. Magnon-polaronen veroorzaken resonantie pieken in het lokale spin
Seebeck signaal als een functie van het magnetische veld. In dit proefschrift tonen we
aan dat magnon-polaronen ook een rol spelen in het niet-lokale spin Seebeck effect,
maar met een verassende wending: De piek in het lokale signaal wordt een dip in het
niet-lokale signaal. We laten zien dat deze overgang van piek naar dip een directe
consequentie is van de fysica achter het spin Seebeck effect zelf, omdat de thermische
generatie en de diffuse terugstroom van magnonen elkaar tegenwerken. Hierdoor kan
de magnon-polaron resonantie zowel een piek als een dip aannemen in de niet-lokale
experimenten, afhankelijk van de precieze geometrie en experimentele parameters.

Vanuit het oogpunt van de informatie technologie, de motivatie voor het doen van
dit onderzoek, zou het zeer wenselijk zijn om het magnon spin transport niet alleen te
kunnen detecteren, maar ook te manipuleren. We hebben onderzocht of het mogelijk
is om dit op een lokale manier (dus niet door bijvoorbeeld het magneetveld over het
hele specimen te veranderen) te doen in YIG, zodat we in onze nanostructuren een
functionaliteit verkrijgen die lijkt op die van de traditionele transistor. Het efficiënt
kunnen manipuleren van het magnon transport is essentieel voor de ontwikkeling van
“nuttige” magnon spintronische schakelingen, omdat het logische operaties (en dus
het verwerken van data) mogelijk maakt. We laten zien dat magnon transport in YIG
beïnvloed kan worden door de magnonen dichtheid (en dus de magnon spin geleiding)
van het YIG lokaal te veranderen. Dit doen we door de magnon chemische potentiaal
in het kanaal tussen de magnon injector en detector te verhogen (grotere dichtheid)
of te verlagen (kleinere dichtheid), door gebruik te maken van lineaire injectie van
magnonen in een derde platina elektrode op de YIG laag. Hoewel de efficiëntie van
de modulatie die we zo bereiken laag is (ongeveer 1%), laten we met ons eindige-
elementen model zien dat deze efficiëntie vergroot kan worden tot meer dan 10%
door een dunnere YIG laag te gebruiken. Hoewel dit nog steeds veel lager is dan de
efficiëntie van een moderne MOSFET, is het toch een eerste stap in de goede richting.
Door bijvoorbeeld het grensvlak tussen YIG en platina verder te optimaliseren zou de
efficiëntie nog verder verhoogd kunnen worden, waardoor deze methode interessant
kan worden om toe te passen in logische circuits gebaseerd op magnonen.

In het laatste hoofdstuk van dit proefschrift geven we een overzicht van de huidige
staat van het onderzoek naar magnon spin transport, en identificeren we onderzoeks-
richtingen waar de komende jaren waarschijnlijk veel voortgang geboekt gaat worden.
Een voorbeeld hiervan is het transport van magnonen in verschillende klassen van
materialen, zoals paramagneten en antiferromagneten. Daarnaast is er grote interesse
voor transport in het niet-lineaire regime (waarbij een zeer hoge magnon dichtheid,
in vergelijking met de evenwichtsdichtheid, wordt geïnjecteerd) in zeer dunne, maar
hoge kwaliteit, YIG lagen die uiterst lastig zijn te fabriceren. Dit is interessant omdat
het in principe zou kunnen leiden tot een Bose-Einstein condensaat van magnonen,
mits bepaalde saturatie effecten kunnen worden vermeden. Een derde interessante
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onderzoeksrichting betreft de interactie van magnonen in YIG en de magnetisatie van
aangrenzende geleidende ferromagneten. In principe kan een magnon spin stroom
een koppel uitoefenen op de magnetisatierichting van zo’n aangrenzende magneet,
waardoor die richting beïnvloed kan worden. Dit kan dan weer toegepast worden in
het uitlezen of wegschrijven van data in magnetisch RAM geheugen, wat gebaseerd is
op zulke geleidende magnetische lagen. Een dergelijke geleidende magneet kan ook
als buffer dienen in een magnonisch schakelcircuit. Een ding is duidelijk: Er is nog
veel te ontdekken in het veld van magnon spintronica en de komende jaren zullen
uitwijzen of magnonen een academische curiositeit blijven of daadwerkelijk geschikt
zijn voor toepassingen in computer technologie.
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